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We hypothesize t h a t  dur ing py ro l ys i s  o f  l . j n i t e s ,  the pr imary evo lu t ion  o f  gas occurs 
from l i g n i n - r e l a t e d  residues i n  the coal. 
have been t h e o r e t i c a l l y  modelled by a se t  o f  thermal ly-al lowed p e r i c y c l i c  reac t ions  t h a t  
respec t ive ly  l ead  t o  each o f  methane, carbon monoxide, carbon d iox ide ,  and water products 
from substrates containing l i g n o i d  moiet ies.  
can be exper imental ly examined by py ro l  s i s  o f  a ser ies  o f  methoxy-benzfdes, e.g., 

an iso le  M e O a  , guaiacol M e O a ,  
Experiments over the temperature range 200-500 C i n  batch tubing-bomb reac tors  equipped 
f o r  gas and l i q u i d  product analyses showed t h a t  guaiacol was appreciably more reac t i ve  
than anisole,  f r a c t i o n a l  conversions o f  these substrates a t  420 C and 120 s being res- 
pec t i ve l y  0.083 and 0.0022. 
guaicol disappearance as we l l  as i n  methane gas appearance and y ie lded Arrhenius para- 
meters ( logl0A s-1, E* kcal/mol) = (11.5, 45.8). 
t h a t  methane release from guaiacyl mo ie t ies  occurs by a concerted molecular group- 
t rans fe r  reac t ion .  

L i k e l y  pathways f o r  t h i s  primary gas release 

The model pathways f o r  methane formation 

and iso-eugenol MeO-& . d 

The former py ro l ys i s  was e s s e n t i a l l y  f i r s t  o rder  both i n  

These data accord w i t h  the  hypothesis 
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INTRODUCTION 

Slagging f ixed-bed gasification o f  low-rank coals i s  being investigated a t  the  
Grand Forks Energy Technology Center. I n  support  o f  environmental and waste 
treatment studies, research i s  underway t o  determine the effect of process 
parameters on ef f luent product ion and composition. 

The GFETC gasi f ier  i s  a I ton/hour, p i lot  p lan t  unit. The coal feed moves 
slowly down a shaft  and is  reacted w i th  an oxygen-steam mixture injected through 
fou r  tuyeres into t h e  hearth.  The  produc t  gas ex i ts  t he  gasifier a t  t he  top o f  the 
shaft. Operating parameters tha t  may v a r y  from test  t o  test  are pressure, 100 to  
400 psig; oxygen/ steam molar ratio, 0.9 to  1.1; and oxygen feed rate, 4000 t o  
6000 scfh. Detailed information on the  GFETC p i lo t  p lant  studies has been 
published previously (1-3). 

Tar, oils, water vapor and coal particles are removed from the exi t ing raw 
gas stream in a spray  washer. The l iquids tha t  accumulate in t h e  spray washer 
are sampled periodically. A recent publication (4) describes spray washer 
sampling procedures. Samples considered in th is  repo r t  were collected at  the  end 
o f  t he  test. 

An inherent problem in the  analysis o f  ef f luents from coal conversion 
processes is the complexity o f  the  mixtures. Several schemes have been suggested 
for t h e  analysis and environmental assessment of coal gasification effluents. The 
methodology defined by the  EPA-I ERL/RTP Procedure Manual: Level 1 Environ- 
mental Assessment (5) was applied t o  the  analysis of spraywasher samples. 
Effluent samples produced by gasification o f  th ree  coals a t  a range of conditions 
were used fo r  th is  s tudy .  

EXP E R I MENTAL 

Figure 1 i s  the  flow diagram of the  separations and analyses performed on the  ta r  
and l iquor samples. 

Simulated dist i l lat ion was obtained by FID gas chromatography using 3% 
OV-17, 1/8" x 4' ss columns. The  temperature was programmed from 50 t o  3OOOC 
a t  1O0/m in .  ASTM standard D2887 was used to  establish boi l ing po in t  ranges. 
The extracted organics were separated using gradient elution liquid chromato- 
g raphy .  Silica gel adsorbent was used. Table 1 shows the  solvent sequence fo r  
t he  procedure. 
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FIGURE 1. Apalytical Flow Diagram for  Spraywasher T a r  and Liquor 
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TABLE 1. Solvent Series fo r  

Fraction 
1 

LC Separations 

Solvent Composition 
Pentane 
20% methylene chloride in pentane 
50% methylene chloride in pentane 
Methylene chloride 
5% methanol in methylene chloride 
20% methanol in methylene chlor ide 
50% methanol in methylene chlor ide 
Methanol 

Instruments used in th i s  s tudy  were an AEI MS-30* mass spectrometer, 
Perkin-Elmer 240 elemental analyzer, Leco su l fu r  analyzer, Varian 2400 gas 
chromatograph, and Perkin-Elmer 283 in f ra red  spectrophotometer. 

RESULTS 

End-of-run t a r  and l iquor samples produced from f i ve  gasification tests were 
obtained f o r  th is  s tudy .  The summary o f  coals and operating parameters fo r  these 
tests is shown in Table 2. 

TABLE 2. Summary of Coals and Operating Parameters 

Operating Oxygen Feed 
Pressure Rate Oxygen-Steam 

Run No. Coal/Rank (psig) (scfh) Molar Ratio 

RA-40 Indian Head Ligni te 200 4000 1 .o 
RA-52 Indian Head Ligni te 300 6000 1 .o 
RA-37 Indian Head Ligni te 400 6000 1 .o 
RA-45 Rosebud Subbituminous 200 4000 1.1 
RA-58 Gascoyne Ligni te 300 6000 1.1 

The as-received t a r  contained 28 t o  35% extractable organic material, 0.4 to  
2.0% solids (entrained coal particles) and 63 t o  71% water. The gas chromato- 
graphic analysis o f  t h e  organic extracts i s  shown in Table 3. 

TABLE 3. GC Analysis o f  Organics Extracted from T a r  

Range BP(0C) % o f  Ex t rac t  
RA-40 RA-52 RA-37 RA-45 RA-58 

90 t o  110 0.4 0.1 0 0 1.5 
110 to  140 0.8 0.2 0.1 0 2.4 
140 to  160 0.1 0.6 0.2 0.2 3.3 
160 to  180 1.1 0.6 0.3 0.8 6.8 

2.5 0.8 0.6 1.4 5.0 
200 to  220 10.0 11.6 11.8 7.3 20.0 si, > 220 85.1 86.1 87.0 90.3 61 .O 

* Identif ication of specific brands o r  models i s  done t o  facil i tate understanding 
and does no t  const i tute o r  imply endorsement by the  Department o f  Energy. 
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The distr ibut ion o f  compound classes in the  liquid chromatography separations 
was determined b y  low voltage mass spectrometry and confirmed by infrared 
spectroscopy. Fraction I consists o f  paraf f ins and olefins, mostly branched. 
Fractions 2 and 3 consist pr imari ly o f  naphthalene, C1 and C2 naphthalenes, and 
C1 biphenyl  o r  C1 acenaphthene. Fractions 4 and 5 consist p r imar i l y  of C1 
acenaphthylene o r  C1 fluorene, phenanthrene, anthracene, C1 and C phenan- 
threne, C and C anthracene, fluoranthene, pyrene, and C pyrene. &actions 6 
and 7 corlsist pdmar i l y  of C napthols, 
carbazole, C2, C , and C pyhdines, phenol, and Ca, C 2 ,  and C3 p6enols. No 
specific assignmet?ts were Aade t o  the  compounds in fr ction 8 The resul ts of the  
liquid chromatography separations of the organics extracted from the  t a r  are shown 
in Table 4. 

andC3 indoles, naphthol, k1 and C 

TABLE 4. LC Analysis o f  Organics Extracted from Tar  

Fraction( s) % o f  Ex t rac t  
RA-40 RA-52 RA-37 RA-45 RA-58 

1 10.3 11.4 9.0 12.0 13.0 
2,3,4 32.3 29.9 27.8 33.9 41 .O 
5,6,7 51.8 57.4 61.7 48.6 45.3 

8 5.6 1.3 1.5 5.5 0.7 

Liquor 

Runs RA-40, RA-45, and RA-58 l iquor yielded from 1200 to  2050 ppm solvent 
extractable organics. It i s  unl ikely tha t  the  majority o f  organics were extracted 
since the  total organic carbon f o r  these l iquors ranges from 6550 t o  7800 ppm. 
The gas chromatography analysis o f  the  extracted organics i s  shown in Table 5. 

TABLE 5. GC Analysis o f  Organics Extracted from Liquor 

Range BP(0C) % o f  Ex t rac t  
RA-40 RA-45 RA-58 

90 t o  110 0 0 0.4 
110 t o  140 0 0 0.7 
140 to  160 0 0 1.3 
160 to  180 0 0 2.5 

0.1 0 3.2 
200 to  220 16.1 11.5 7.8 

83.9 88.5 84.0 

The l iquid chromatography separations o f  t he  organic ex t rac t  were no t  useful 
in def in ing specific classes o f  compounds. There  was a considerable amount of 
over lap in the  compounds found in fractions 5 th rough 8. These fract ions consist 
pr imari ly o f  C4 and C benzenes, C1 and C pyr id ines, C2 and C phenols, 
quinolines, naphthols, 5phenanthrene, anthracege, binaphthyl ,  and t%iophenes. 
These assignments were made by mass spectrometry and in f ra red  spectroscopy. 
The l iquid chromatography analysis o f  t he  extracted organics i s  shown in Table 6. 
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TABLE 6. LC Analysis of Organics Extracted from Liquor 

Fraction(s) % o f  Extract  
RA-40 RA-45 RA-58 

1 0 0 1.6 
2,3,4 0 . 4  0 .4  8 . 3  
5,6,7 80.8 89.2 83.0 

8 18.8 10.2 7.1 

Tar  Solids 

The solids were found t o  contain a h igher  percentage o f  mineral matter than 
the original coal feed. The  relative proport ion o f  n i t rogen and su l fu r  was also 
higher in the solids. For RA-45, the  coal feed contained 0.85% nit rogen and 1.81% 
su l fu r ;  the  solids contained 3.32% nit rogen and 2.42% su l fu r .  Table 7 shows t h e  
ultimate analyses o f  t h e  ta r  solids and the feed coals. 

TABLE 7. Comparison of Ta r  Solids w i th  Feed Coal 

RA-40 RA-45 RA-58 
feed ta r  feed ta r  feed ta r  
coal solids coal solids coal solids 

Ultimate Analysis*, p c t  
C 64.42 65.34 64.23 58.99 62.14 63.05 
H 4.35 4.11 4.31 1.49 4.39 3.05 
N 0.85 3.32 1.01 1.46 0.84 1.21 
S 1.81 2.42 2.05 3.59 1.42 1.74 
O(by d i f f )  18.23 13.77 13.06 0.66 18.06 10.22 

Ash 10.34 11.04 15.34 33.81 13.15 20.73 

*moisture-free basis 

DISCUSSION 

Tar  Characterization 

The variation observed in the  amount o f  organic material extracted from the 
t a r  phase is  consistent w i th  experimental e r ro r  in sampling. The procedure fo r  
obtaining ta r  samples has been described previously (4).  The phase separation of 
t a r  from l iquor depends on operator judgement in observing the  interface between 
two dark ly  colored phases. Ta r  extract ion data f o r  runs  40, 45, and 58 shows a 
re lat ive standard deviation o f  6.01% for  t he  amount of water. Three other runs  
made with Indian Head l igni te a t  200 ps i  and 4000 scfh oxygen ra te  showed a 
relat ive standard deviation of 6.47% f o r  water content. Thus  the  var iat ion between 
Samples of d i f fe ren t  coals tested a t  d i f fe ren t  gasification conditions is nearly 
identical t o  t h a t  fo r  replicate runs  w i th  the  same coal. 

The boi l ing po in t  d is t r ibu t ion  o f  the  t a r  ex t rac t  shows d is t inc t  differences 
when comparing ta rs  obtained from d i f fe ren t  coals gasified under same conditions. 
For example, a comparison of Rosebud and Indian Head gasified a t  200 psi  shows 
t h e  t a r  from Indian Head to  be comprised o f  more lower boil ing materials. The 
cumulative boil ing po in t  d is t r ibu t ion  shows tha t  46% of  Indian Head t a r  has disti l led 
b y  254'C and 87% by 343O, while the  comparable f igures f o r  Rosebud ta r  are 34% 
and 76%. Of these two coals, Indian Head contains the greater amount o f  volatile 
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matter on an maf basis. A similar ef fect  was observed f o r  ta rs  f rom gasification o f  
Gascoyne and Indian Head lignites a t  300 psi: Gascoyne contains a greater amount 
of volati le matter and produces more low boi l ing compounds in the  ta r .  

A comparison o f  t he  boil ing po in t  d istr ibut ions o f  ta rs  produced from 
gasification o f  Indian Head l igni te a t  d i f fe ren t  pressures shows tha t  t h e  effect of 
increasing gasification pressure is  to sh i f t  t he  boil ing point  d is t r ibu t ion  downward. 
For example, t h e  temperatures a t  which 75% of  the  t a r  has dist i l led d rop  from 
316OC for  t a r  produced a t  200 psi, to  287' f o r  300 psi, and t o  271' for  t a r  
produced a t  400 psi. The fract ion corresponding t o  phenol (180-2OO0C) decreases 
w i th  increasing gasification pressure, as shown previously (7) f o r  a high- 
pressure, low-temperature carbonization process in the  SFBG. 

The  amounts o f  t he  f ract ions obtained in t h e  l iquid chromatographic 
separations of the t a r  were correlated w i th  gasification conditions and coal 
composition. The treatment used followed the  fractional factor ia l  analysis 
procedures given by Lipson and Sheth (8). Since the  absolute numerical values o f  
the factors va ry  over  several o rders  o f  magnitude -from thousands o f  scfm f o r  
oxygen feed rates t o  one or  two percentage un i ts  f o r  coal n i t rogen and su l fu r  - 
comparisons were made on the  basis o f  percentage changes in each factor.  

The  amounts o f  fractions 1 (paraf f ins and olefins), 2-4 (aromatics), and 5-7 
(polar compounds) depend most heavi ly on the  maf carbon content o f  t he  coals. 
Both the  paraffins and olefins and the  aromatics show a d i rec t  correlation wi th maf 
carbon, while t h e  polar compounds v a r y  inversely.  These resul ts demonstrate tha t  
as more carbon is added to  the  molecular framework o f  the  coal proport ionately 
fewer oxygen or  ni t rogen functional groups wil l be  present; hence as the  coal 
undergoes pyrolysis o r  hydrocracking in the  carbonization zone o f  t he  SFBG (9) 
re lat ively fewer polar species wil l be formed. Correlation of the  amounts of one 
LC fract ion vs. another show tha t  t he  paraf f ins and olefins are d i rec t l y  propor-  
tional to  the  aromatics, b u t  t ha t  both the  paraf f in-olef in and the  aromatic fractions 
va ry  inversely wi th t h e  polar f ract ion.  

When the effect of maf carbon content in the  coal i s  removed statistically (81, 
no other factors were found t o  influence the  amount of t he  paraf f in-olef in fraction. 
The amount of the aromatic fraction, corrected fo r  the  ef fect  of carbon, shows a 
d i rec t  correlation w i th  the  amount o f  hydrogen in t h e  produc t  gas. A recent 
publication (IO) descr ib ing the  detailed mass spectroscopic analysis o f  SFBG tars  
also demonstrated such a correlation f o r  the  concentrations o f  many of t he  aromatic 
compounds. The amount o f  the  polar f ract ion showed no other correlations above 
the  80% confidence limit. 

W i t h  respect t o  the  amount o f  t he  v e r y  polar f ract ion ( f ract ion 8) no factors 
were found to  display bo th  a large slope and greater than 80% confidence 
correlation. 

L iquor Characterization 

The  amount o f  organic material extractable f rom t h e  l iquor accounted f o r  on ly  
18 to  28% of the total organic carbon content o f  the  samples. The  amount o f  
extractable material shows an inverse correlation w i th  the  maf oxygen content of 
the  coal. As t h e  oxygen content o f  the  coal increases, more compounds with polar 
functional groups should appear in the  organic effluents; these compounds should 
dissolve in the l iquor and in turn be resistant to  extract ion in to  relat ively non- 
polar solvents. The  amount o f  extractable organic material when added t o  the  
"phenols" as determined by gas chromatographic analysis of f i l te red  l iquor (11) 
agrees well with t h e  total organic carbon content. For example; in the  l iquor  
produced dur ing  gasification of Rosebud coal, phenols accounted f o r  75.9% o f  t h e  
TOC and the  extractable organics, 28.3%. 

7 



The boi l ing po in t  d istr ibut ions o f  l iquor organic extracts from gasification of 
Indian Head (RA-40), Rosebud, and Gascoyne are similar. The most appreciable 
difference is  t h a t  t h e  ex t rac t  from l iquor produced in gasification o f  Gascoyne 
l igni te is t he  only one of t h e  th ree  samples containing material boi l ing below 196OC. 
The l iquid chromatographic separation of the ex t rac t  f rom Gascoyne l iquor was the 
on ly  one showing material in the  paraf f in-olef in and aromatic fractions. 

A correlation o f  the  amounts of f ract ions in the  l iquid chromatographic 
separations w i th  gasification conditions and coal composition was performed in the 
same manner as f o r  t h e  t a r  extracts.  On ly  t h e  polar and polar fractions were 
considered, and only t h e  th ree  samples from runs  40, 45, and 58 were used. 

The major factor af fect ing the amount o f  both f ract ions is the  maf carbon 
content o f  the  coal. The  polar f ract ion correlates d i rec t l y  w i th  maf carbon; the 
v e r y  polar f ract ion thus  shows an inverse correlation, since these two fractions 
account f o r  90 t o  99% o f  the  total material in the  l iquor o r  organic extract .  

Solids Characterization 

A comparison o f  t h e  ultimate analysis of solids recovered from the  t a r  samples 
w i th  tha t  o f  the  respect ive coals shows tha t  in al l  cases the  t a r  solids contain 
greater amounts o f  n i t rogen and su l fu r  than the  coals. Since these solids are coal 
particles which d id  n o t  descend th rough the  ent i re SFBG shaft  to  the  gasification/ 
combustion zone th i s  f i nd ing  suggests tha t  compounds o f  carbon, hydrogen, and 
oxygen are more easily formed in the  carbonization zone whereas ni t rogen and 
su l fu r  linkages are more resistant to  cleavage o r  reaction. 

The ash in the  solids recovered from t a r  from Indian Head gasification shows 
an enrichment on sodium, magnesium, sul fur ,  and i ron  when compared w i th  the ash 
o f  t h e  feed coal. As-yet unpubl ished work on the  volatization of ash components 
in t h e  SFBG gasification/combustion zone has shown tha t  sodium, magnesium, and 
su l fu r  are the  most volati le o f  t he  ash components. 

In the  case o f  bo th  l ignites, the  mole f ract ions o f  t he  pr incipal  basic oxides 
essentially balance those o f  t he  silica and su l fu r  t r ioxide. The inorganic solids are 
therefore a mix tu re  o f  alkali and alkaline ear th  silicates and sulfates. The ash 
from the solids recovered from Rosebud t a r  does no t  display such a balance. A 
petrographic classification b y  the  Niggl i  method (12) shows tha t  f ree quar tz  should 
be present, suggest ing t h a t  t he  inorganic solids in th i s  case are a mixture of 
alkali and alkaline ea r th  sulfates w i th  quar tz  part ic les.  

CONCLUSIONS 

The carbon content o f  t he  coal p lays the  most predominant role in determining 
the  relative amounts of compound types  in the  organic extracts from ta r  and 
l iquor.  A n  increase in maf carbon wil l increase t h e  percentage o f  paraf f ins and 
olefins and aromatics in the  t a r  and wil l increase the  percentage o f  polar 
compounds in t h e  l i quo r  extract .  The polar f ract ion in the  t a r  ex t rac t  decreases 
as maf carbon in the  coal increases. The  oxygen content of the  coal correlates 
inversely w i th  the  amount o f  organic material extractable f rom t h e  l iquor.  Since 
the  carbon content o f  t he  coal i s  of g rea t  importance in determining the  molecular 
framework, and since the  oxygen is the  major cont r ibu tor  t o  heteroatomic 
functional groups, these resul ts show tha t  the  e f f luen t  composition is dependent 
upon the molecular s t ruc tu re  of t he  coal. Other coal-specific characteristics o f  the 
SFBG effluents include the  volat i l i ty  of the t a r  and t h e  nature o f  the  inorganic 
materials ex i t ing  the  gasi f ier  in t h e  raw gas. 
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Research on the  development of detailed relationships between coal Composition 
o r  s t ruc tu re  and ef f luent composition is  continuing. The resul ts of t h i s  s tudy  
indicate the  desirabi l i ty  o f  test ing a wide var ie ty  o f  coals in the  SFBG t o  augment 
the  data base on  ef f luent characteristics. 
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CATALYSIS OF LIGNITE CHAR GASIFICATION BY VARIOUS 
EXCHANGED CATIONS -- DEPENDENCE OF ACTIVITY ON REACTIVE ATMOSPHERE 

* 
P. L. Walker, Jr., 0. P. Mahajan and M. Komatsu 

Department of Mater ia l s  Science and Engineer ing 
The Pennsylvania  S t a t e  Univers i ty  

Univers i ty  Park ,  PA 16802 

INTRODUCTION 

We have previous ly  r e p o r t e d  r e a c t i v i t i e s  o f  a v a s t  spectrum of coal-derived 
c h a r s  i n  air (l), C02 ( 2 ) ,  s team (3) and H2  (4). I n  o x i d i z i n g  atmospheres, char  
r e a c t i v i t y  decreases  wi th  i n c r e a s e  i n  t h e  rank of t h e  p a r e n t  c o a l .  I n  c o n t r a s t ,  
char  r e a c t i v i t y  i n  H2 shows l i t t l e  dependence on rank  of t h e  c o a l  precursor .  

Because of t h e  l a r g e  r e s e r v e s  of  l i g n i t e s  and subbituminous c o a l s  i n  t h e  
United S t a t e s ,  they  are p o t e n t i a l l y  o f  importance i n  c o a l  conversion processes .  
These coa ls  c o n t a i n  s i g n i f i c a n t  amounts of carboxyl ic  a c i d  groups,  where a f r a c t i o n  
of  t h e  H+ i o n s  have been exchanged by d i f f e r e n t  c a t i o n s  such a s  Na+, K+, and Ca*, 
as a r e s u l t  o f  extended c o n t a c t  with ground water  conta in ing  d i f f e r e n t  salts .  The 
h igher  r e a c t i v i t y  of l i g n i t e  and sub-bituminous c o a l  c h a r s  i n  o x i d i z i n g  atmospheres 
i s  thought to be due, a t  l e a s t  i n  p a r t ,  t o  t h e  presence of exchangeable metal 
ca t ions .  Therefore ,  i t  i s  d e s i r a b l e  to  s t u d y  t h e  p o s s i b l e  c a t a l y t i c  e f f e c t  of  
d i f f e r e n t  exchangeable  c a t i o n s  p r e s e n t  on t h e  s u r f a c e s  of  t h e s e  coa ls  on subsequent 
c h a r  r e a c t i v i t y  i n  d i f f e r e n t  atmospheres. This  paper d e s c r i b e s  t h e  r e s u l t s  of such 
a s tudy.  

EXPERIMENTAL 

Char Preparat ion.  A Darco (Texas) l i g n i t e  (28x48 mesh) was demineral ized by 
b o i l i n g  wi th  10% H C 1  and subsequent ly  wi th  a 50-50 mixture  o f  50% HF-10% HC1. The 
carboxyl conten t  of t h e  demineral ized c o a l  was 2.4 mmoles/g. S c h a f e r ' s  method was 
used to  e f f e c t  cation-exchange ( 5 ) .  Demineralized (Dem) l i g n i t e  was contac ted  with 
0.10 molar s o l u t i o n s  of sodium a c e t a t e ,  potassium a c e t a t e ,  calcium a c e t a t e ,  mag- 
nesium a c e t a t e  and f e r r i c  n i t r a t e .  Approximately 0 . 3  m o l e s  of c a t i o n  per  gram of 
c o a l  were exchanged from t h e  var ious  s o l u t i o n s  i n  24 h r .  Ten l e v e l s  of exchangeable 
calcium i o n s  i n  t h e  range  0.10 t o  2.14 mmoles/g of coa l  were introduced by con- 
t a c t i n g  t h e  Dem c o a l  wi th  calcium a c e t a t e  s o l u t i o n s  varying i n  concent ra t ion  from 
0.04 to  2.0 molar f o r  24 h r .  

Raw, Dem and cation-exchanged samples were carbonized i n  N 2  i n  a f l u i d i z e d  
bed. In each c a s e ,  t h e  sample w a s  heated up t o  800'C a t  a r a t e  of 10"C/min. Soak 
t i m e  a t  800'C was 2 h r .  

R e a c t i v i t y  Measurements 

R e a c t i v i t i e s  of v a r i o u s  char  samples were measured i n  air (1 atm, 390°C), 
COP ( 1  atm, 760°C), s team (1 atm, 650"C), H2 (1 a t m ,  790°C), 50% CO-50% H 
( t o t a l  p r e s s u r e  1 a t m ,  79OoC), N2-H20 mixture  (790°C), H2-H20 mixture  (796"C), 
H2-N2-H20 mixture  (790°C) and CO-HZ-H~O mixture  (790'C). The p a r t i a l  p r e s s u r e  of 
w a t e r  vapor i n  t h e  last  f o u r  mixtures  ( t o t a l  p r e s s u r e  1 atm) w a s  12 .8  t o r r .  This 
pressure  was  genera ted  by bubbl ing t h e  gas  through deaera ted  d i s t i l l e d  water 
thermostated at 15OC. 

mixture 

* 
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R e a c t i v i t y  measurements i n  1 a t m  steam were c a r r i e d  out  i n  a f l u i d  bed reac tor .  
Weight l o s s e s  occurr ing  dur ing  g a s i f i c a t i o n  i n  t h e  o t h e r  atmospheres s t u d i e d  were 
monitored using a DuPont 951 TGA system i n  conjunct ion  wi th  a 990 Thermal Analyzer. 
Details of t h e  experimental  procedures  f o r  r e a c t i v i t y  measurements have been 
descr ibed  elsewhere (6 ) .  

i 
I n  t h e  t e x t ,  r e a c t i v i t y  parameter ,  R ,  h a s  been def ined  as: 

i 1 dW 
Wo d t  

R = - - . -  

I where Wo is t h e  i n i t i a l  char  weight (daf )  and dW/dt is t h e  maximum r e c t i l i n e a r  
weight l o s s  rate. 

RESULTS AND DISCUSSION 

Burn-off versus  time p l o t s  f o r  v a r i o u s  char  samples r e a c t e d  i n  air  a r e  shown 
i n  F igure  1. 
has  prev ious ly  been a t t r i b u t e d  t o  t h e  loss of c a t a l y t i c  inorganic  matter upon 
deminera l iza t ion  (6) .  
produced from r a w ,  Dem and cation-exchanged samples: 

The D e m  char  i s  s i g n i f i c a n t l y  less r e a c t i v e  than  the  raw char .  This  
I 

The fol lowing o r d e r  of  r e a c t i v i t i e s  i s  observed f o r  c h a r s  

N a  > K > Ca > Raw > Fe > Mg > D e m  

These r e s u l t s  c l e a r l y  show t h a t  t h e  replacement  of  s u r f a c e  H+ i o n s  of  carboxyl ic  
a c i d  groups present  on t h e  s u r f a c e  of Dem l i g n i t e  by m e t a l  c a t i o n s  i n c r e a s e s  t h e  
r e a c t i v i t y  of t h e  chars  produced, bu t  t h e  e x t e n t  of t h e  i n c r e a s e  is markedly 
dependent upon t h e  n a t u r e  of t h e  ca t ion .  
produced from t h e  r a w  l i g n i t e  compared t o  t h e  i r o n  and magnesium conta in ing  c h a r s  
i s  thought t o  be  due t o  t h e  presence of c a t a l y t i c a l l y  a c t i v e  calcium i o n s  i n  t h e  
raw l i g n i t e .  

The h igher  r e a c t i v i t y  of t h e  char  

The fo l lowing  o r d e r  of r e a c t i v i t i e s  f o r  var ious  c h a r  samples w a s  observed 
f o r  t h e  r e a c t i o n  i n  COz:  

N a  > K - Ca > R a w  > Fe ? Dem > Mg 

and i n  steam: 

K > Ca > Na > Fe > Raw > Mg > D e m  

Even though t h e  C-02, C-C02 and C-HZO r e a c t i o n s  a l l  involve  a n  in te rmedia te  oxygen 
t r a n s f e r  s t e p  followed by a g a s i f i c a t i o n  s t e p ,  t h e  o r d e r  of r e a c t i v i t i e s  of c h a r s  
produced from d i f f e r e n t  cation-exchanged samples is n o t  t h e  same i n  t h e  t h r e e  
atmospheres. This  shows t h e  h igh  s p e c i f i c i t y  of d i f f e r e n t  c a t a l y t i c  s p e c i e s .  

For t h e  var ious  calcium conta in ing  chars ,  t h e  r e a c t i v i t y  parameter  i n  air ,  
CO2 and steam increased  l i n e a r l y  wi th  i n c r e a s e  i n  t h e  amount of calcium p r e s e n t  i n  
t h e  char .  Furthermore, normalized r e a c t i v i t i e s  of t h e s e  chars  i n  t h e  t h r e e  
oxid iz ing  atmospheres w e r e  e s s e n t i a l l y  t h e  same. 

Burn-off p l o t s  f o r  var ious  char  samples i n  H2 are shown i n  F igure  2 .  The 
order  of r e a c t i v i t i e s  of  v a r i o u s  samples i n  H2 is markedly d i f f e r e n t  from t h a t  
observed i n  t h e  t h r e e  o x i d i z i n g  atmospheres. Below 45% burn-off ,  sodium is t h e  
most e f f e c t i v e  hydrogas i f ica t ion  c a t a l y s t ;  whereas a t  h igher  burn-offs  i r o n  i s  a 
b e t t e r  c a t a l y s t .  
e x c e l l e n t  ox ida t ion  c a t a l y s t s ,  chars  conta in ing  t h e s e  s p e c i e s  are much less  
r e a c t i v e  i n  H2 than t h e  r a w  char .  

It i s  noteworthy t h a t  even though calcium and potassium a r e  

In f a c t ,  f o r  t h e  var ious  calcium-containing 
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samples r e a c t i v i t y  i n  H2 decreased  monotonical ly  wi th  i n c r e a s e  i n  calcium loading. 

Two extreme c a s e s  of t h e  e f f e c t  of H2 a d d i t i o n  to steam on char  r e a c t i v i t y  a r e  
i l l u s t r a t e d  by t h e  p l o t s  i n  F igures  3 and 4. A t  one extreme, f o r  t h e  raw char  
(Figure 3), which h a s  ca lc ium a s  t h e  major inorganic  impur i ty ,  g a s i f i c a t i o n  is more 
r a p i d  i n  w e t  N2 than  i n  w e t  H2. 
i r o n  exchanged sample has a h igher  r e a c t i v i t y  i n  wet H2 than i n  wet N2 (Figure 4).  
It i s  known t h a t  i n  t h e  e lementa l  form i r o n  i s  a good oxida t ion  c a t a l y s t  but  i n  the  
oxide form i t  is  a poor c a t a l y s t  (7).  In t h e  p r e s e n t  s tudy,  when t h e  
i ron-conta in ing  c h a r  i s  r e a c t e d  wi th  wet Hg. t h e  percentage of H2 i n  t h e  mixture  is 
s u f f i c i e n t  t o  keep i r o n  i n  t h e  reduced s t a t e .  

A t  t h e  o t h e r  extreme, t h e  char  produced from the  

I n  t h e  CO-H2 mix ture ,  c h a r s  produced from raw and N a ,  K ,  C a  and Mg exchanged 
However, i n  t h e  CO-H2-H20 mixture  small samples showed l i t t l e  o r  no weight  loss. 

but  f i n i t e  g a s i f i c a t i o n  r a t e s  w e r e  observed and t h e  o r d e r  of r e a c t i v i t y  f o r  
var ious  samples w a s  : 

Fe > Na > K > Ca > Raw > Mg 

Resul t s  f o r  t h e  i ron-conta in ing  char  were unique (Figure 5) .  
mixture ,  t h e  g a s i f i c a t i o n  r a t e  i s  s i g n i f i c a n t l y  lower than i n  N2-H20 or N2-H2-H20 
mixtures .  F u r t h e r ,  i n  t h e  dry CO-H2 mixture ,  a f t e r  a s l i g h t  i n i t i a l  weight l o s s ,  
t h e r e  is a r a p i d  cont inuous i n c r e a s e  i n  weight. This  i n c r e a s e  i s  a t t r i b u t e d  t o  t h e  
d i s p r o p o r t i o n a t i o n  of CO: 

I n  t h e  CO-H2-H20 

2 co -f co2 + c 

For t h i s  r e a c t i o n ,  i r o n  is an e x c e l l e n t  c a t a l y s t  bu t  i s  gradual ly  deac t iva ted  due 
t o  t h e  formation of  cement i te  (8).  In t h i s  s tudy ,  t h e  amount of H2 i n  t h e  CO-H2 
mixture  i s  s u f f i c i e n t  t o  keep i r o n  i n  t h e  c a t a l y t i c a l l y  a c t i v e  form, t h a t  i s  a s  
e lemental  i r o n .  Even though i r o n  i s  an e x c e l l e n t  c a t a l y s t  f o r  t h e  C-H r e a c t i o n  
(71, i t  appears  t h a t  i n  t h e  presence of CO t h e  weight i n c r e a s e  due t o  a i spropor-  
t i o n a t i o n  of CO o f f s e t s  any weight  loss due t o  hydrogas i f ica t ion .  
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CATALYTIC GASIFICATION OF LIGNITE CHARS 

S.P. Nandi and J.L. Johnson 

Institute of Gas Technology 
3424 S. State St. 

Chicago, Illinois 60616 

INTRODUCTION 

In a previous study (l), the kinetics of the gasification of chars derived 
from coals ranging from anthracite to lignite were determined in different gas- 
ification media. The relative reactivity factor decreased systematically with in- 
creasing carbon content in the parent coal. 
by decreasing surface areas and by decreasing specific surface reactivities of the 
chars. The correlations developed, however, do not generally apply to the lignite 
chars because of catalytic effects of exchangeable cations, particularly sodium and 
calcium, which are associated with the carboxyl groups of the lignites. Therefore, 
a systematic investigation was conducted to obtain detailed data describing the 
gasification characteristics of Montana and North Dakota lignite chars with partic- 
ular emphasis given to determining the effect of sodium and calcium inheren& or 
added by base exchange on the gasification rate. 
because these are the predominant exchangeable cations present in Montana and 
North Dakota lignites. 

The overall decrease is caused both 

Calcium and sodium were chosen 

APPARATUS AND EXPERIMENTAL PROCEDURE 

A high-pressure thermobalance was used in this work to obtain reaction rates. 
The main feature of this apparatus is that the weight of a small fixed-bed sample 
of char (approximately 0.5 gram) contained in a wire riesh basket can be continuous- 
ly measured as it undergoes gasification in a desired environment at constant tem- 
perature and pressure. In all of the tests conducted, chars in -2M.40 USS sieve 
size particles were used, and gas flow rates in the reactor were maintained at suf- 
ficiently high values to result in negligible gas conversion. The weight loss ver- 
sus time characteristics obtained during individual tests were used to calculate 
the base carbon conversion fraction (1). 

The proximate and ultimate analyses of the lignite samples are shown in Table 
1. The acid-washed lignites were prepared from the original lignites by treatment 
with 1N HC1 at room temperature followed by washing with distilled water until the 
effluents were chloride free. 
The acid-washed lignites were treated, in turn, with solutions of sodium or calcium 
acetate, and a number of lignite samples of varying concentrations of base exchanged 
sodium and calcium were prepared. 
lignites, together with the concentration of sodium and calcium, is given in Table 
2 .  Chars were prepared from samples by devolatilization in nitrogen (1 atmosphere) 
for 30 minutes at temperatures from 1400" to 170O0F. For these samples, devolatil- 
ization was essentially complete at the lowest temperature used, and the concentra- 
tion of sodium and/or calcium for chars from the same starting lignite was assumed 
to.be the same at different char preparation temperatures. 

Gasification of the chars was conducted at the char preparation temperatures 

The wet samples were dried at 60°C under vacuum. 

The nomenclature of the original and treated 

with hydrogen and equimolar steam-hydrogen mixtures at pressures ranging from 
14.6 to 69.0 atmospheres. With one sample (G), gasification was conducted in syn- 
thesis gas mixtures. 
Table 3. 

The compositions of the synthesis gas mixtures are shown in 
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Table 1. ANALYSES OF LIGNITES 

Proximate Analysis  Ultimate Analysis 

Sample - - c -  H - o -  N -  s -  Ash 
-t % d r y  w t  % dry- 

Montana, Raw 43.6 51.3 5.1 65.13 4.13 24.20 0.89 

Montana, 
Acid Washed 46.9 52.1 1 .0  68.60 4.42 24.57 0.90 

North Dakota, 
Raw 43.7 49.6 6.7 62.90 4.27 24.09 0.97 

North Dakota, 
Acid Washed 45.8 52.5 1 . 7  67.70 4.33 24.38 1.00 

No. 

1. 
2 .  
3. 
4 .  
5.  

- 

6. 
7. 
8. 
9. 

10. 

Table 2. NOKENCLATURE OF THE SAMPLES AND THEIR SODIUM 
AND CALCIUM CONTENT 

Sample 

Montana, Acid Washed 
Montana, Ca-Ex. 1 
Montana, Ca-Ex. 2 
Montana, Raw 
Montana, Na+Ca-Ex 
Montana, Na-Ex. 1 
Montana, Na-Ex. 2 
North Dakota, Raw 
North Dakota, Acid Washed 
North Dakota, Ca-Ex 

Name 

A 
B 
C 
D 
E 
F 
G 
N 
0 
P 

__ 

Syn-Gas 1 
Syn-Gas 2 
Syn-Gas 3 

0.57 5.08 

0.58 1.00 

1.10 6.67 

0.90 1.69 

Concentration, g-atoms/g-acorn base 

N a  - C a  N a  + Ca 
carbon 

- 

0.00000 
0.00000 
0.00000 
0.00164 
0.01098 
0.00274 
0.01955 
0.00329 
0.00000 
0.00000 

0.00000 
0.00139 
0.00972 
0.01364 
0.00505 
0.00000 
0.00000 
0.00758 
0.00000 
0.01326 

Table 3. COMPOSITION OF SYNTHESIS GAS MIXTURES 

0.00000 
0.00139 
0.00972 
0.01528 
0.01603 
0.00274 
0.01955 
0.01087 
0.00000 
0.01326 

- HZ - H2° co - c02 CHq 
v01-T 

47.5 40.4 6.0 
43.6 35.3 11.8 
36.8 29.3 19.3 

3.6 2.5 
8 .2  1.1 

11.3 3 .3  

18 



RESULTS AND DISCUSSION 

Gas i f ica t ion  i n  Hydrogen 

I n i t i a l  g a s i f i c a t i o n  tests i n  hydrogen were conducted with Montana and North 
Dakota chars  obtained from acid- t reated l i g n i t e s  t o  provide a b a s i s  f o r  determining 
g a s i f i c a t i o n  k i n e t i c s  i n  the  absence of exchangeable ca t ions .  
shown i n  Figures  1 and 2. The r e s u l t s  show t h a t ,  a t  a given temperature, g a s i f i c a -  
t i o n  r a t e s  increased s i g n i f i c a n t l y  with increas ing  hydrogen pressure.  

creasing temperature. 
which tends t o  be independent of temperature and pressure ,  occurred during the  hea t -  
up period of char (which takes  about 1 to 2 minutes a f t e r  lowering the  sample t o  t h e  
reac t ion  zone). It was hypothesized t h a t  Montana chars  conta in  t w o  types of car-. 
bon - Type I, which g a s i f i e s  very rap id ly  during t h e  heat-up per iod,  and Type, 11, 
which i s  subsequently gas i f ied .  
ind ica ted .  

Typical r e s u l t s  are 

Simi la r ly ,  
I a t  a constant  hydrogen pressure ,  g a s i f i c a t i o n  r a t e s  increase  s i g n i f i c a n t l y  with in-  

For Montana char ,  a carbon conversion of approximately 0.09, 

For North Dakota chars ,  only Type I1 carbon was 

I n  previous s t u d i e s  (2) with bituminous coa l  chars ,  g a s i f i c a t i o n  k i n e t i c s  i n  
hydrogen was described by t h e  expression - 

where - 

X = base carbon f r a c t i o n  

t = time, min 

-1 = r a t e  constant  f o r  re ference  char (f = l ) ,  min . 
L 

The r a t e  constant w a s  determined by t h e  equat ion - 

P2,, exp (2.674 - 24,609/T) 
"2 

= 1 + PH exp (-10.452 + 19.976/T) 
2 

where - 
f = r e l a t i v e  r e a c t i v i t y  f a c t o r  

T = temperature, OR 

P = hydrogen p a r t i a l  pressure,  atm. 

L 

HZ 
Figure 3 shows the  -ln(l-X) versus  keac t ion  t i m e  p l o t s  f o r  t h e  experimental 

Also included i n  r e s u l t s  of g a s i f i c a t i o n  i n  hydrogen f o r  Montana l i g n i t e  chars .  
t h e  f i g u r e  i s  the  ca lcu la ted  base carbon conversion f r a c t i o n  f o r  t h e  re ference  b i -  
timinous coa l  char (char from preoxidized P i t t s b u r g  No. 8 seam c o a l ) .  The experi-  
mental base carbon conversion da ta  f o r  Montana l i g n i t e  a r e  nonl inear  when p l o t t e d  
according t o  Equation 1. The curve f o r  t h e  char from Raw Montana s t a r t s  with a 
high i n i t i a l  s lope;  however, the  value of t h e  s lope decreases  wi th  t h e  increase  of 
X and, a t  high value of X, becomes lower than t h a t  f o r  t h e  re ference  bituminous 
char .  
t h e  ex ten t  of nonl inear i ty  i s  diminished but  not e n t i r e l y  removed. 

Upon removal of exchangeable c a t i o n s ,  the r e a c t i v i t y  of char  decreases  and 

19 



To take  i n t o  account t h e  c h a r a c t e r i s t i c s  of l i g n i t e  char g a s i f i c a t i o n  mention- 
ed above, it has been assumed t h a t  t h e r e  a r e  two t r a n s i e n t  reac t ions  i n  addi t ion  t o  
t h e  low-rate g a s i f i c a t i o n  reac t ions  t h a t  determine the r a t e  of l i g n i t e  char g a s i f i -  
cat ion.  The f i r s t  t r a n s i e n t  reac t ion  i s  assumed t o  be catalyzed by some s t r u c t u r a l  
component present  i n  l i g n i t e  char ,  and t h e  second t r a n s i e n t  reac t ion  i s  assumed t o  
be catalyzed by t h e  exchangeable c a t i o n s  present  i n  l i g n i t e .  
t h a t  the low-rate g a s i f i c a t i o n  of l i g n i t e  char is k i n e t i c a l l y  s i m i l a r  t o  the  low- 
r a t e  g a s i f i c a t i o n  occurr ing  i n  bituminous coa l  char. 

It is a l s o  assumed 

The following r e a c t i o n  model was proposed: The Montana l i g n i t e  char is com- 
posed of two types of carbon. 
(Type 1 )  is g a s i f i e d  very r a p i d l y  t o  methane during t h e  heat-up per iod (1 t o  2 
minutes i n  thermobalance t e s t s ) .  The remaining carbon (Type 2)  g a s i f i e s  by three  
possible  pa ths ,  as i n d i c a t e d  below: 

In  t h e  presence of hydrogen, a f r a c t i o n  of carbon 

3a) 
KZ C (Type 2) + H2 n* * CH (Reaction I )  4 

CH4 (Reaction 111) 3c) 
f L  T ~ 

C (Type 2) + H2 

Reaction 111 is assumed t o  be similar t o  t h e  reac t ion  path followed by bitum- 
inous coal. char  (low-rate g a s i f i c a t i o n ) .  
f i n e d  (2 ) .  
g a s i f i c a t i o n .  
char .  For Reac- 
t i o n  11, n** i s  a metal ,  ca ta lys t -conta in ing  complex t h a t  ca ta lyzes  t h i s  reac t ion .  
S i m i l a r  t o  Reaction I, it w a s  assumed t h a t  n** a l s o  deac t iva tes  by a f i r s t - o r d e r  
process. 

The parameters f L  and have been de- 
Reaction I corresponds t o  a path i n  which some e n t i t y ,  n*, ca ta lyzes  

It is  a l s o  assumed t h a t  n* .deac t iva tes  by a f i r s t - o r d e r  process .  

% 
The e n t i t y  n* i s  assumed t o  be a s t r u c t u r a l  component present  i n  

With t h e  above assumptions, the  following r a t e  expression r e s u l t s -  

The d i f f e r e n t  parameters  of Equation 4 were evaluated from experimental data .  
For chars from both l i g n i t e s  - 

K,* = I€,** = 5.74 exp (-9770/T) 5) 

P a r t i c u l a r  e v a l u a t i o n s  f o r  chars  from Montana l i g n i t e  a r e  t h e  following: 

f = 0.70 L 
X* = 0.086 

KYCn** = (380CNa + 32Cca) 

where C 
carbon.Na 

and CCa are concentrat ions 

f L  % 6 )  

of sodium and calcium, g-atomlg-atom base 
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1 

Equation 4 was used with the evaluation given above to calculate the base car- 
bon conversion for the chars from Raw Montana lignite. In Figure 4, the solid 
line represents the calculated values of X. 
the line closely except for the first 5 minutes of reaction time. 
was obtained for the other char samples. 

The experimental points shown follow 
A similar match 

Particular evaluations for chars from North Dakota lignite are the following: 

fL = 0.85 

x* = 0.0 

The evaluation of the term KP*CZ,,, in terms o f  catalyst concentration show 
that, for both lignites, sodium was a better catalyst than calcium for hydrogasifi- 
cation. This observation can also he verified by choosing the time for 50% (T ) 
carbon conversion as a rate parameter. 
bon conversion is a measure of reaction rate even for a reaction which is not 
first-order (3). The.To 
tained from Montana ligni e. 
or only calcium are shown in Figure 5,'plotted against the concentration of Na or 
Ca. 
calcium is a poor catalyst for hydrogasification. 

The time to reach a certain fraction oP*zar- 

values are presented in Table 4 for different chars ob- 
The 1/$ values of the chars containing only sodium 

It is clear that The values for the acid-washed lignite chars are also shown. 

Table,4. TIME FOR 50% BASE CARBON CONVERSION OF MONTANA CHARS 

Sample 

A 
A 
A 
A 
B 
B 
C 
C 
D 
D 
E 
E 
E 
E 
F 
F 
G 
G 

Reaction 
Temperature,'F 

1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 
1600 
1700 

1 Hydrogen To. 5, min 
Pressure, atm (time for X=0.5) ~0.5, rain-' 

35 
35 
69 
69 
35 
35 
35 
35 
35 
35 
35 
35 
69 
69 
35 
35 
35 
35 
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100.0 
39.0 
44.0 

105.0 
34.0 
100.0 
31.0 

26.5 

19.0 
11.8 
4.5 

23.5 
20.5 
9.0 

18.5 

78.0 

48.5 

68.0 

0.0100 
0.0256 
0.0227 
0.0540 
0.0095 
0.0294 
0.0100 
0.0322 
0.0128 
0.0377 
0.0206 
0.0526 
0.0847 
0.2222 
0.0147 
0.0425 

0.1111 
0.0488 



Gasi f ica t ion  i n  E q u i m o l a r  Steam-Hydrogen Mixtures: 

Gas i f ica t ion  i n  equimolar steam-hydrogen mixtores w a s  conducted with d i f f e r e n t  
char  samples a t  temperatures  of  1500" t o  1700'F and a t  pressures  of 14.6 to  69.0 
atmospheres. 
acid-washed North Dakota l i g n i t e  i s  shown i n  Figure 6. The r a t e  of g a s i f i c a t i o n  
increased with t h e  i n c r e a s e  of t o t a l  pressure.  
cause a t  higher  t o t a l  p ressure ,  t he  p a r t i a l  p ressure  of hydrogen w i l l  be higher; 
t h a t  a lone  could enhance t h e  ra te  of g a s i f i c a t i o n ,  even i f  t h e  rate w a s  independent 
of steam p a r t i a l  p ressure .  In c o n t r a s t ,  i t  w a s  observed t h a t ,  f o r  samples contain- 
i ng  Na o r  C a ,  t h e  g a s i f i c a t i o n  rate i n  t h i s  medium was independent of t o t a l  pres- 
su re .  
t h i s  contex t ,  Vadovic and Eakman (4) have shown t h a t  f o r  steam g a s i f i c a t i o n  of chars  
catalyzed by potassium, t h e  rate was independent of steam p a r t i a l  pressure.  
r e s u l t s  of t h e  c u r r e n t  i n v e s t i g a t i o n  i n d i c a t e  t h a t ,  f o r  chars  containing Na o r  Ca 
as c a t a l y s t ,  t h e  g a s i f i c a t i o n  r a t e  is cont ro l led  by t h e  steam-carbon r eac t ion ,  even 
though t h e  g a s i f i c a t i o n  medium conta ins  50% hydrogen. For a l l  of t h e  char  samples, 
t h e  r a t e  of g a s i f i c a t i o n  i n  equimolar steam-hydrogen mixtures increased with tem- 
perature .  Typical  g a s i f i c a t i o n  da ta  f o r  chars  containing d i f f e r e n t  amounts of 
c a t a l y s t  are shown i n  Figure 8. 

The e f f e c t  of t o t a l  pressure  on g a s i f i c a t i o n  f o r  char ,  obtained from 

These r e s u l t s  were an t ic ipa ted  be- 

Typical  r e s u l t s  i n d i c a t i n g  t h i s  behavior  are presented i n  Figure 7. I n  

The 

It has  been shown (2) t h a t ,  w i t h  bituminous c o a l  chars ,  g a s i f i c a t i o n  i n  steam- 
hydrogen mixtures  could be c o r r e l a t e d  by t h e  express ion-  

In tegra t ing  Equation 8, w e  ob ta in  - 

where - 

KT = o v e r a l l  ra te  constant  

f L , =  r e l a t i v e  r e a c t i v i t y  f a c t o r  

a = k i n e t i c  parameter dependent on gas composition 

I = i n t e g r a t i o n  constant .  

For bituminous c o a l  chars ,  which were d e v o l a t i l i z e d  a t  temperatures of 1400'F 
o r  higher ,  I = 0.0, and a, f o r  equimolar steam-hydrogen mixtures ,  i s  equal  t o  1.67. 
The char g a s i f i c a t i o n  d a t a  of t h i s  dtudy was analyzed by Equation 9 assuming a t o  b e  
equal  t o  1.67. 
i n  Figure 9. 
l i n e s  do not  pass  through t h e  o r i g i n .  
an i n t e r c e p t  of about  0.1. 
are shown i n  Table 5. I n  Figure 10, t h e  va lues  of t h e  o v e r a l l  r a t e  constant  (fL%) 
f o r  steam-hydrogen g a s i f i c a t i o n  of Montana chars  are p l o t t e d  a g a i n s t  t h e  t o t a l  con- 
cent ra t ion  of sodium and/or  calcium present  i n  t h e  char .  A l l  of t h e  experimental 
po in t s ,  whether t h e  char  contained only sodium, only calcium, o r  t h e i r  mixture, 
tended t o  f a l l  on t h e  same l i n e  a t  a p a r t i c u l a r  temperature, i n d i c a t i n g  t h a t ,  i n  
steam-hydrogen mixtures ,  calcium is as e f f e c t i v e  a c a t a l y s t  a s  sodium. For Montana 
chars ,  t h e  increase 'of  rate with t h e  increase  of c a t a l y s t  concentrat ion and temper- 
a t u r e  can be c o r r e l a t e d  by t h e  following experimental equat ion:  

Typical  p l o t s  of M(X) versus  t i m e  f o r  t h r e e  char  samples a r e  shown 
Linear  p l o t s  of up t o  a value of X=O.86 were obtained,  b u t  a l l  t h e  

The s lope  and i n t e r c e p t  values  of a l l  t he  chars  t e s t ed  
The acid-washed l i g n i t e  chars  tend to  have 
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Char Source 

A 
A 
A 
B 
B 
B 
C 
C 
D 
D 
D 
F 
F 
G 
G 
G 
0 
0 
0 
N 
N 
N 
P 
P 
P 

+ 0.0032]exp(19.80 - 38000/T) Overall rate = f L% = ['(Na+Ca) 

Table 5. KINETIC PARAMETERS FOR GASIFICATION OF CHARS FROM 
MONTANA AND NORTH DAKOTA LIGNITES IN EQUIMOLAR 

STEAM-HYDROGEN MIXTURES 

Temperature,"F 

1500 
1600 
1700 
1500 
1600 
1700 
1600 
1700 
1500 
1600 
1700 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 
1500 
1600 
1700 

fL KT 
(Slope) 

0.0030 
0.0082 
0.0262 
0.0050 
0.0240 
0.0473 
0.0546 
0.1175 
0.0235 
0.0796 
0.1640 
0.0340 
0.1000 
0.0332 
0.0954 
0.1892 
0.0046 
0.0136 
0.0249 
0.0410 
0.0972 
0.1680 
0.0502 
0.1050 
0.2205 

1 
(Intercept) 

0.10 
0.10 
0.08 
0.10 
0.08 
0.10 
0.05 
0.00 
0.06 
0.00 
0.00 
0.05 
0.00 
0.08 
0.00 
0.00 
0.05 
0.09 
0.08 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

I 

For North Dakota chars, the following correlations satisfy the experimental 
results: 

+ 0.0015]exp(16.58 - 30000/T) Overall rate = f L% = "(Ca+Na) 

The gasification characteristics of chars from two lignites having similar 
I elemental compositions are qualitatively similar, but, the numerical magnitude of 

the rate parameters differ. 
dent upon the nature of the char on which the catalyst is distributed. 

Gasification in Synthesis Gas Mixtures 

That is, enhancement of rate by a catalyst is depen- 

Gasification of one sample of char from Montana lignite was conducted in syn- 
thesis gas (syn-gas) mixtures. Tests were done with Syn-Gas 2 at 35 and 69 atmo- 
spheres at a temperature of 1700"F, and it was noted that the rate of base carbon 
conversion was the same at both pressures. The effect of pressure on rate of gas- 

P ification in synthesis gas mixtures seems to be the same as was observed for gasifi- 
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ca t ion  i n  steam-hydrogen mixtures. 
syn-gas mixtures a r e  shown i n  Figure 11. 
hydrogen mixtures  a r e  a l s o  shown i n  t h i s  f i g u r e .  

syn-gas mixtures  a r e  1.18, 1.23, and 1.25 f o r  the  t h r e e  d x t u g e s  shown i n  Table 3. 
The (Pco/PH o) r a t i o s  a r e  0.15, 0 .33 ,  and 0.66. Therefore ,  t h e  main compositional 

v a r i a b l e  begween t h e  t h r e e  synthes is  gas mixtures is t h e  CO/H 0 r a t i o .  The e f f e c t  
of CO and CH i n  t h e  mixture was considered t o  be  minor. 
t h a t  a t  t h e  same temperature and Dressure. t h e  r a t e  of carbon conversion decreases 
w i t h  t h e  i n c r e a s e  of t h e  CO/HZO r a t i o .  The o v e r a l l  r a t e  cons tan ts  ( f  K ) f o r  t h e  
g a s i f i c a t i o n  i n  syn-gas was ca lcu la ted  with Equation 9. 
0.076, and 0.039 r e s p e c t i v e l y ,  €or  the t h r e e  mixtures. I t  i s  seen tha t ,  f o r  char 
from Sample G t h e  r a t e  of g a s i f i c a t i o n  i n  equimolar steam-hydrogen mixtures was 
approximately f i v e  t i m e s  h igher  compared wi th  t h a t  f o r  Syn-Gas 3 .  

The r e s u l t s  of g a s i f i c a t i o n  with d i f f e r e n t  

The (PH /PH o) r a t i o  f o r  t h e  
The g a s i f i c a t i o n  da ta  i n  equimolar steam- 

It'is seen from Figure 11 2 4 

The va lues  &e 8.100, 

CONCLUSIONS 

For g a s i f i c a t i o n  of l i g n i t e  chars  i n  hydrogen, sodium was more e f f i c i e n t  as a 
c a t a l y s t  than  calcium. The g a s i f i c a t i o n  r a t e  of l i g n i t e  chars  containing sodium o r  
calcium remains e s s e n t i a l l y  cons tan t  wi th  t h e  i n c r e a s e  of t o t a l  pressure i n  steam- 
hydrogen and s y n t h e s i s  gas mixtures .  
g a s i f i c a t i o n  of l i g n i t e  chars  i n  steam-hydrogen mixtures ,  and t h e  e f f e c t  i s  propor- 
t i o n a l  t o  t h e  concent ra t ion  (g-atom/g-atom carbon) of sodium and/or calcium present .  
The c a t a l y t i c  e f f e c t  of sodium o r  calcium depends on t h e  n a t u r e  of char on which 
t h e  c a t a l y s t  i s  d ispersed;  t h a t  is ,  t h e  same concentrat ion of sodium does not  pro- 
duce t h e  same q u a n t i t a t i v e  e f f e c t  on rate f o r  c h a r s  obtained from l i g n i t e s  having 
s i m i l a r  e lemental  Composition. The c a t a l y s t s  tend t o  s e l e c t i v e l y  enhance t h e  r a t e  
of the steam-carbon r e a c t i o n ,  p r e f e r r i n g  t h e  carbon-hydrogen r e a c t i o n  when g a s i f i -  
cat ion i s  conducted i n  steam-hydrogen mixtures .  

Both calcium and sodium enhance the  r a t e  of 
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Figure 1. CONVERSION OF ACID-TREATED 
MONTANA LIGNITE CHAR IN 

HYDROGEN AT 1600’F 

Figure 3. GASIFICATION OF RAW AND ACID- 
WASHED MONTANA LIGNITE CHARS IN 
HYDROGEN AT 1700°F AND 35 a t m  

.mO.O.OI 
TIME, man 

Figure 2. GASIFICATION OF ACID-WASHED 
NORTH DAKOTA CHARS IN 
HYDROGEN AT 35 a t m  

I 0 lMxl 

TIME. mn .- 
Figure 4 .  GASIFICATION OF R A W  MONTANA 

CHARS IN HYDROGEN AT 35 a t m  
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Figure 5. EFFECT OF CATALYST CONCENTRA- Figure 6. GASIFICATION OF ACID-WASHED 

TION ON THJi RECIPROCAL TIME FOR 
50% BASE CARBON CONVERSION 

NORTH DAKOTA CHARS IN STEAM- 
HYDROGEN MIXTURES (HzOfHz = 1) 
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Figure 7. EFFECT OF PRESSURE ON THE Figure 8. GASIFICATION OF MONTANA CHARS 
GASIFICATION OF NORTH DAKOTA RAW 
CHAR IN STEAM-HYDROGEN MIXTURES 

( H z O / H z = l )  AT 1700'F 

IN EQUIMOLAR STEAM-HYDROGEN MIXTURES 
AT 1600'F AND 35 atm 
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Figure 9. BASE CARBON CONVERSION FUNC- 
TION VS. TIME PLOTS FOR THE GASIFICA- 
TION OF MONTANA LIGNITE CHARS IN 
EQUIMOLAR STEAM-HYDROGEN MIXTURES 

AT 1500°F AND 35 a t m  
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Figure 10. EFFECT OF CATALYST CONCENTRA- 
TION ON THE OVERALL RATE OF GASIFICATION 
OF MONTANA LIGNITE CFARS IN EQUIMOLAR 
STEAM-HYDROGEN MIXTURES AT A TOTAL 

FRESSURE OF 35 a t m  
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Figure 11. GASIFICATION OF CHARS FROM SAMPLE G 
IN SYNTHESIS GAS NIXTURES AT 35 a t m  
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CHEMISTRY OF GASIFICATION AND ASH AGGLOMERATION I N  THE U-GASR PROCESS. 
J. G. Patel, D. M. Mason. 3424 South S t a t e  S t r e e t ,  Chicago, IL 60616 

A single-stage,  fluidized-bed,ash-agglomerating process f o r  generation of indus t r ia l  
f u e l  gas or synthes is  gas from coal has been tes ted  i n  a p i l o t  p lan t  with coke, char, 
and coal as feed. 
been obtained and incorporated in to  a mathematical model. The chemistry of agglomeration 
of ash vas inves t iga ted  by methods including op t i ca l  and e l ec t ron  microscopy, chemical 
analyses, and f u s i b i l i t y  tests. Agglomeration of ash i n t o  rounded beads occurred 
w i t h  relative ease in  runs on coke; t he  agglu t ina t ing  agent is an iron-rich, r e l a t ive ly  
low-melting s i l i c a t e  i n  which other ash is embedded. 
was more d i f f q c u l t ,  because most of t he  i ron  w a s  present i n  the form of su l f ide  and 
thus unavailable f o r  reac t ion  with aluminosil icates (c lay  minerals).  
i n  the  reactor bed is themdynamica l ly  favorable f o r  ox ida t ion  of t he  ferrous su l f ide  
at regions near  t he  oxygen i n l e t  only. Oxidation of t he  fe r rous  su l f ide  and agglomeration 
of ash from coal  were achieved by changing the  mode of oxygen feed t o  the  reactor.  

P i l o t  p lan t  and laboratory da t a  on gas i f i ca t ion  r e a c t i v i t i e s  have 

Agglomeration of a sh  from coal 

The gas composition 



REACTIVITY OF TRI-GAS CHAR I N  A FLUIDIZED-BED REACTOR 

Mario A. Colaluca,  Kanwal Mahajan, Uark A. Pa is ley  

Bituminous Coal Research, Inc .  
350 Hochberg Road, Monroeville. Pennsylvania  15146 

INTRODUCTION 

The evolu t ion  and t h e  development of t h e  BCR TRI-GAS f luidized-bed 
g a s i f i c a t i o n  process  t o  produce low- t o  medium-Btu f u e l  g a s  has  been descr ibed  i n  
two e a r l i e r  papers .  s 2  TRI-GAS is a m u l t i p l e  f luidized-bed c o a l  g a s i f i c a t i o n  
process .  
with t h e  only product being a c l e a n ,  low-Btu f u e l  gas .  No l i q u i d s ,  tar ,  or char  
a r e  produced a s  a waste or by-product. The process  c o n s i s t s  of  t h r e e  f l u i d i z e d -  
bed r e a c t o r s  connected in s e r i e s .  
Stage 2 i s  t h e  main g a s i f i c a t i o n  s tage .  I n  t h i s  s t a g e ,  d e v o l a t i l i z e d  c o a l  (char)  
and t h e  v o l a t i l e  products  from Stage 1 a r e  g a s i f i e d  wi th  air  and steam, producing 
a low-Btu (about 150 Btulcu f t )  f u e l  gas .  

The o v e r a l l  o b j e c t i v e  of TRI-GAS is t h e  g a s i f i c a t i o n  of a range of  c o a l s ,  

Each r e a c t o r  has  i t s  own s p e c i f i c  func t ion .  

The o b j e c t i v e  of  t h e  c u r r e n t  s tudy  is t o  e s t a b l i s h  a model f o r  t h e  o v e r a l l  
g a s i f i c a t i o n  r e a c t i o n  i n  a f l u i d i z e d  bed and t o  use  t h i s  model t o  p r e d i c t  conver- 
s ion  i n  t h e  TRI-GAS S tage  2 r e a c t o r  dur ing  PEDU tests. The model assumes t h a t  t h e  
o v e r a l l  r e a c t i o n  r a t e  is determined by t h e  s e p a r a t e  r a t e s  of two processes  i n  se- 
r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be  t ranspor ted  o u t  of t h e  bubble t o  
the  p a r t i c u l a t e  phase, and second, t h e  chemical r e a c t i o n .  The chemical r e a c t i o n  
process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  and s tudied  independent ly  i n  
t h e  thermogravimetric a n a l y s i s  (TGA) u n i t  where a chemical  r e a c t i o n  r a t e  i s  es tab-  
l i s h e d ,  descr ib ing  t h e  r e s i s t a n c e  of t h e  chemical process .  S i m i l a r l y ,  t h e  tests 
i n  t h e  bench-scale f lu id ized-bed  r e a c t o r  e s t a b l i s h  a parameter  c h a r a c t e r i z i n g  t h e  
mass t r a n s f e r  process  from t h e  bubble t o  t h e  p a r t i c u l a t e  phase.  

-.. APPARATUS AND PROCEDURE 

Char Prepara t ion  

Char (+lo0 mesh) from t h e  Rosebud seam c o a l  p r e t r e a t e d  dur ing  a t y p i c a l  PEDU 
t e s t  w a s  used for r e a c t i v i t y  s t u d i e s  i n  t h e  TGA a p p a r a t u s  and the  bench-scale 
f luidized-bed batch r e a c t o r .  
seam c o a l  i n  a f l u i d i z e d  bed a t  900 F t o  remove v o l a t i l e  matter and tars from t h e  
c o a l  p r i o r  t o  feeding to  t h e  g a s i f i c a t i o n  r e a c t o r .  

This  c h a r  was produced by p r e t r e a t i n g  t h e  Rosebud 

I 
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TG.4 Reactivity 

An American Instrument Company basic thermogravimetric analysis unit was used 
for the reactivity measurements. About 100 mg of char contained in a ceramic pan 
was heated in nitrogen to the chosen reaction temperature. Since some devolatili- 
zation occurred during this process, heating continued until the char weight became 
constant. The nitrogen was then bubbled through water held at a specified tempera- 
ture and this reactant passed over the char. Char weight l o s s  was recorded con- 
tinuously as a function of time. 

The measure of reactivity chosen in this study was the same as Jenkins' "re- 
activity parameter". The definition is (symbols defined in Appendix A) : 

R 
5 Wo dt 

dW The maximum rate of weight loss (-) was determined experimentally from the 
slope of the weight loss data recordedd;n an X-Y plotter. The maximum rate could 
be defined without difficulty since, in all cases, the initial rate was constant. 

The reactivity parameter was assumed to depend on reacting gas concentration, 
Cp, in the following manner: 

R5 = k C: 

where 
E k = u e x p - =  
RT 

Taking the natural logarithm of both sides 

In R5 = In k + n In 
of Equation (1) results in 

cP ( 2 )  

A multiple linear regression analysis was performed using reaction rate (R5) data 
taken at constant temperature for various values of Cp, resulting in values of n. 
The values of n, taken for several temperatures, were then averaged. 

With n thus defined, Equation (1) can be used to determine the apparent acti- 
vation energy and frequency factor for each reaction. Solving for k in Equation 
(1) results in 

R 
k = A  ( 3 )  

GI: 

The right-hand side of this expression can be calculated from the data, the pre- 
viously determined values of n, and the experimental conditions. Again, taking the 
logarithm of both sides results in 
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A multiple regression analysis was performed using data at several tempera- 
tures resulting in the ”apparent” activation energy E and the frequency factor a 
for each reaction. These results are reported in Table 1. 

1 
I 

t\ 

TABLE 1. TGA REACTIVITIES AND KINETIC PARAMETERS OF CHAR 
USED IN LABORATORY STUDIES 

Volatile Steam 
Sample Temp, Matter , Concentrat ion, Reactivity, 

Test No. O K  mg moleslcu cm (hr)-’ 

1 1193 12.8 0.89 x 2.21 
2 1193 13 .3  1.35 x 3.11  
3 1193 13.5 2.01 x 3.76 
4 1136 11.5 0.93 x 1.67 

6 1136 11 .5  2.11 x 10  2.67 
5 1136 12.0 1.42 x 101; 2.12 

-E/~T R = C; a exp 5 
n = 0.61 

a = 1.94 10’ 

E = 17,662 cals 

Fluidized-bed Reactor 

A schematic of the bench-scale fluidized-bed pressurized batch reactor system 
is shown in Figure 1. This system can be used for reactivity analysis with steam, 
carbon dioxide, and air. 
Incoloy 800 pipe. 
furnace half-sections. The steam is generated by bubbling the inert gas through 
a 10.16 cm diameter by 5 1  cm long 316SS water-filled vessel heated by 2KW immer- 
sion heater. 
150 psi pressure. The reactor is followed by a water-cooled vessel where con- 
densibles can be collected. The precise metering of the reacting gases is ac- 
complished through Brooks Instrument Model 1110 rotameters. 
and DP cell transmitters are used for pressure control in the system and differ- 
ential pressure measurements in the bed. For efficient distribution of the react- 
ing gases in the reactor, the grid system consists of a 5-cm fixed bed of Steatite 
packing, packed between two screens. The system is also equipped with necessary 
auxiliary equipment for indicating actual pressures and temperatures in the re- 
actor and the boiler. The system can be used to generate the reactivity data at 
2200 F temperature and 150 psi pressure. 

The reactor is made of 5.08 cm diameter by 9 1  cm long 
The reactor furnace consists of two 1450 watt, 61 cm long, 

This steam generator is capable of producing saturated steam at 

Foxboro pressure 
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A 200-gm sample of t h e  char  was  heated t o  t h e  chosen r e a c t i o n  temperature  and 
pressure  wi th  n i t r o g e n  f lowing through t h e  bed. 
generated by bubbl ing t h e  n i t r o g e n  through hot  water  a t  a s p e c i f i e d  temperature 
and passed through t h e  r e a c t o r .  Af te r  a s p e c i f i e d  per iod  of time, t h e  r e a c t i o n  
w a s  quenched when t h e  bed w a s  purged with n i t rogen .  
weighing t h e  sample a f t e r  cool ing .  

Then t h e  water-vapor r e a c t a n t  was 

Conversion w a s  determined by 

In  a f lu id ized-bed  r e a c t o r ,  t h e  experimental  v a l u e  of  t h e  p e r c e n t  unreacted 
c h a r  i s  given by: 

w Y = - x 100 
exp Wo 

THEORETICAL. MODEL 

The model assumes t h a t  t h e  o v e r a l l  r e a c t i o n  r a t e  i s  determined by t h e  separa te  
rates of two p r o c e s s e s  i n  s e r i e s ;  f i r s t ,  mass t r a n s f e r ,  where steam must be t rans-  
por ted  out  of  t h e  bubble  t o  t h e  p a r t i c u l a t e  phase, and second, t h e  chemical reac-  
t i o n .  The chemical r e a c t i o n  process  has  been i s o l a t e d  from mass- t ransfer  e f f e c t s  
and s tudied independent ly  i n  t h e  thermogravimetr ic  a n a l y s i s  (TGA) u n i t  where a 
chemical r e a c t i o n  rate c o n s t a n t  d e s c r i b i n g  the  r e s i s t a n c e  of  t h e  chemical process  
w a s  e s t a b l i s h e d .  

The fo l lowing  development is e s s e n t i a l l y  t h a t  p resented  by O r ~ u t t . ~  Only t h e  
d e t a i l e d  form of t h e  r e a c t a n t  conversion term (R ) d i f f e r s .  The form used i n  t h i s  
s tudy  was developed e m p i r i c a l l y  from d i f f e r e n t i a ?  r e a c t o r  (TGA) d a t a .  
bed is assumed t o  be  d iv ided  i n t o  two d i s t i n c t  phases  c a l l e d  t h e  bubble and p a r t i c -  
u l a t e  phase. The r e a c t a n t  flow above t h a t  requi red  t o  j u s t  f l u i d i z e  t h e  bed forms 
t h e  bubble phase. N o  s o l i d s  exist i n  t h i s  phase so no  chemical r e a c t i o n s  can oc- 
cur. It i s  assumed t h a t  t h e  bubble s i z e  i s  uniform. The p a r t i c u l a t e  phase con- 
s i s t s  of t h e  remainder of t h e  f low and t h e  s o l i d  char .  The char-steam chemicalre-  
a c t i o n  occurs  i n  t h e  p a r t i c u l a t e  phase. Furthermore, t h e  t u r b u l e n t  a c t i o n  i n  t h e  
bed al lows t h e  assumption t h a t  t h e  steam concent ra t ion  and temperature  a r e  cons tan t  
throughout t h e  p a r t i c u l a t e  phase. 

The f l u i d  

A m a t e r i a l  ba lance  on a s i n g l e  r i s i n g  bubble g ives :  

Since C i s  assumed t o  be a cons tan t ,  Equation (1) can  be i n t e g r a t e d  d i r e c t l y  t o  
obtain: '  

cB Y 

dy 
P - 'I3 'B" 

0 cO 
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i where 

C = Cp + (Co - Cp) exp -X(y) 
B 

QY X(Y) = - 

The p a r t i c u l a t e  phase m a t e r i a l  balance is: 

The amount of r e a c t a n t  t r a n s f e r r e d  from t h e  bubble ,  R1, i s  determined by i n t e -  
g r a t i n g  t h e  f low from t h e  i n d i v i d u a l  bubbles t o  t h e  p a r t i c u l a t e  phase over  t h e  en- 
t i r e  r e a c t o r :  

I 

1 

I 

Using Equation (2)  f o r  C r e s u l t s  i n :  
B 

The amount of r e a c t a n t  f e d  d i r e c t l y  t o  t h e  p a r t i c u l a t e  phase is: 

'mf '0 Rz = AT 

and leaving  t h e  p a r t i c u l a t e  phase is: 

R4 = AT Umf cp (6) 

The amount of r e a c t a n t  t r a n s p o r t e d  from t h e  p a r t i c u l a t e  t o  t h e  bubble phase is 
given by: 

R3 = 4 NQ L Cp (7) 

F i n a l l y ,  t h e  r e a c t a n t  consumed by t h e  g a s i f i c a t i o n  r e a c t i o n  i n  t h e  p a r t i c u l a t e  
phase i s  given by: 

1 dNR 
R5 = Lmf (v TMF -1 (8) 
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The TGA d a t a  a r e  used t o  eva lua te  t h e  right-hand s i d e  of Equation (8). The TGA 
r eac t ion  rate i s  g iven  by: 

(9) 
nW -k C - - 1 r;l= 

wo 
wo d t  

But, 

Thus, 

C 
dW = Mc dN 

dNC = _ _  '0 k C: Y 
d t  MC 

For the r eac t ion :  

so t h a t ,  

1 dNR wO - = _ -  - 
MC "TMF 

V m  d t  
k 

S u b s t i t u t i n g  t h i s  expres s ion  i n t o  Equation (8) g ives :  

AT Lnf (5) k C; Y 5 * 7  
TMF MC 

Y 

(11) 

Subs t i t u t ing  Equat ions  ( 4 ) ,  (5), (6), (7), and (11) i n t o  Equation (3) gives:  
W 

(VNU~) (c, - cP ) (1 - exp-X(L)) + Umf (c - c ) = L 2 k C; Y 
0 P AT MC 

From Reference 6 

and de f in ing  : 
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and 

the nondimensional form for the particulate phase balance becomes, 

(1 - 5,) [ B  (1 - exp - x ( L ) )  + (1 - B)I = a Y 5: . (12) 

In nondimensimal form, Equation ( 9 ) ,  describing the char conversion, becomes: 

( 1 3 )  

where 

To conp e 

dY 
dT '; - 5 -  

t T = -  
tR 

y = k C E  t R 

his model with data from the atch aboratory tests, Equa ion 
(13) is integrated numerically to determine char weight for various run times. 
For each integration step, Equation (12) is solved for E 

P' 
RESULTS AND DISCUSSION 

The results of the char conversion experiments at atmospheric pressure are 
shown in Figure 2 .  Also shown on this figure are the theoretical conversions pre- 
dicted using transfer parameters (X) calculated from the Kunii and Levenspiel 
(K&L) Reactivities determined from 
TGA tests (Table 1) were used in the theoretical conversion calculation. In both 
models, average bubble size was calculated from Mori and Wen' and the self- 
diffusion coefficient calculated as in Reference 8. Both theories overpredict 
the char conversion. Actual conversion corresponds to a mass-transfer parameter 
X = 0.75  as opposed to X = 1 . 7 9  predicted by K6L and X = 4 . 7 3  predicted by D&H, 
Table 2. 

and the Davidson and Harrison ( D ~ x H ) ~  models. 
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TABLE 2. MASS TRANSFER PAMMETER, X ,  FOR CHAR 
USED I N  LABORATORY TESTS 

Reactor Gas D i f f u s i v i t y  
Pressure ,  Kunii  & Davidson & Dg (ad jus ted)  

ps ia  'o/'mf Levenspie l  Harr i son  Experimental cm2 / s e c  

14.1 9.34 1 . 7 9  4.73 0 . 7 5  0 .52  
70 .0  3.78 1 . 9 9  5.78  0 . 0 8  0 .0008 

Examination of t h e  express ions  used t o  c a l c u l a t e  X from both models r e v e a l s  

These a r e  t h e  bubble diameter  (Dg) and t h e  gas s e l f - d i f f u s i o n  coef- 
two parameters t h a t  can  be a d j u s t e d  t o  a l low agreement between t h e  experiment and 
t h e  theory. 
f i c i e n t  (D ). 
a l low X = %.75.  
i t  i s  necessary t o  a d j u s t  D . Adjust ing Dg from a t h e o r e t i c a l  v a l u e  of D 
cm2/sec down t o  D 
i n  X = 0.75 and agreement wi th  t h e  experimental  d a t a .  
7 0  p s i a  a r e  shown i n  F i g u r e  3.  

The bubble  d iameter  would have t o  be a d j u s t e d  to  about  10 cm t o  
S ince  t h i s  i s  considerably l a r g e r  than the  r e a c t o r  (DT = 5.08 cm), 

= 0.52  cg2/sec  and using t h e  Kunii  and Levenspiel  modef r e s u l t s  g 

a d j u s t e d  t o  

= 3 . 3 3  

The conversion r e s u l t s  at 
The exper imenta l ly  determined X and D 

ach ieve  t h i s  X a t  7 0  p s i a  are shown i n  Table 2 .  g 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t o  achieve  t h e s e  low t r a n s f e r  parameters .  mod- 
e l s  must be employed w i t h  more than one t r a n s f e r  r e s i s t a n c e  i n  s e r i e s .  O n e  of t h e  
r e s i s t a n c e s  m u s t  depend on gaseous d i f f u s i o n .  Figure 4 shows t h e  comparison of 
mass- t ransfer  parameters  c a l c u l a t e d  us ing  a s imple r e s i s t a n c e  theory  (D&H) and a 
t h r e e - r e s i s t a n c e  theory  (K6L). I n  t h e  D&H model, i t  i s  assumed t h a t  two t r a n s f e r  
mechanisms a r e  o c c u r r i n g  i n  p a r a l l e l .  There i s  a macroscopic movement Of gas  from 
the  bubble a long wi th  a microscopic  d i f f u s i v e  t r a n s f e r .  As D goes t o  z e r o ,  the  
D&H model p r e d i c t s  t h a t  X approaches a f i n i t e  va lue  (X 3 0.5)' dependent on ly  on 
t h e  macroscopic t r a n s f e r  between t h e  bubble and p a r t i c u l a t e  phase. C a l c u l a t i o n a s  
D goes  t o  zero  a t  t h e  e l e v a t e d  p r e s s u r e s  r e s u l t s  i n  about t h e  same v a l u e  f o r  X .  
&nce t h i s  is s u b s t a n t i a l l y  g r e a t e r  than the experimental  X ,  a theory  incorpora t ing  
a t o t a l l y  d i f f u s i v e  r e s i s t a n c e  i n  series must be used.  

The K&L theory assumes t h e  same t r a n s f e r  mechanisms a s  D&H out of t h e  bubble, 
bu t  p laces  a t h i r d  r e s i s t a n c e ,  namely the c loud ,  between t h e  bubble and t h e  par t ic -  
u l a t e .  The t r a n s f e r  through t h e  cloud is only due t o  gaseous d i f f u s i o n .  Thus , for  
t h e  K6L case ,  t h e  d i f f u s i v e  t r a n s f e r  between t h e  cloud and t h e  p a r t i c u l a t e  phase 
can choke o f f  t h e  f low and t h e  o v e r a l l  c o e f f i c i e n t  between bubble and p a r t i c u l a t e  
can be ad jus ted  as low as needed t o  agree  wi th  experiment .  

SUM3IARY OF RESULTS 

1. A two-phase f lu id ized-bed  model can be used t o  p r e d i c t  the conversion observed 
i n  t h e  char-steam g a s i f i c a t i o n  r e a c t i o n  i n  a 5.08-cm f luidized-bed r e a c t o r .  
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2. The b e s t  f i t  of t h e  experimental  d a t a  w a s  ob ta ined  us ing  t h e  K&L model t o  

c a l c u l a t e  t h e  mass exchange between t h e  bubble and p a r t i c u l a t e  phases .  I 
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APPENDIX A 

NOMENCLATURE 

AT = Reactor c ross -sec t iona l  a r e a ,  sq c m  

Co, C p ,  CB = Steam concent ra t ion  i n  r e a c t o r  i n l e t ,  p a r t i c u l a t e  phase 
and bubble phase, moles/cu cm 

D = G a s  D i f f u s i v i t y ,  sq cm/sec 

DT = Reactor diameter ,  cm 
g 

k = React ion r a t e  constant  

L, Lmf = Fluid  bed he ight ,  he ight  a t  minimum f l u i d i z a t i o n ,  c m  

MC = Char molecular  weight ,  gmlgm mole 

n = Exponent f o r  c h a r  r e a c t i v i t y  

N = Number of bubbles  per  u n i t  volume, l / c u  cm 

Number of r e a c t i n g  moles of char  and steam N C ,  N R  = 

Q = E f f e c t i v e  volumetr ic  flow r a t e  from t h e  bubble phase t o  
t h e  p a r t i c u l a t e  phase,  c u  cmlsec 

R l ,  R p ,  R3, R,, Rg = Reactant  t ranspor ted  from t h e  bubble t o  p a r t i c u l a t e  phase, 
fed  t o  p a r t i c u l a t e  phase, t r a n s p o r t e d  from t h e  p a r t i c u l a t e  
t o  bubble phase, l e f t  t h e  p a r t i c u l a t e  phase and disappeared 
due t o  chemical r e a c t i o n  i n  p a r t i c u l a t e  phase,  moleslsec 

S = Surface  a r e a  of t h e  r i s i n g  bubble ,  s q  c m  

t ,  tR = T i m e ,  s o l i d s  res idence  t ime,  sec  

Uo, UB, Umf = S u p e r f i c i a l  v e l o c i t y ,  bubble v e l o c i t y ,  minimum f l u i d i z a t i o n  
v e l o c i t y ,  cmlsec 

Bubble volume, p a r t i c u l a t e  phase gas volume, t o t a l  f l u i d  
bed volume a t  minimum f l u i d i z a t i o n  c o n d i t i o n s ,  c u  cm 

Ins tan taneous  char  weight ,  weight a t  t h e  i n s t a n t  t h e  r e a c t i n g  
gas  i s  introduced (on ash- f ree  b a s i s ) ,  mg 

X = Mass t r a n s f e r  parameter 

y = Axia l  d i s t a n c e  from t h e  r e a c t o r  i n l e t ,  c m  

V, Vp, VmMF = 

W, Wo = 

Y = w/wo 

ct = Frequency f a c t o r  
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F igure 1. F l o w  D iagram o f  Laboratory Fluidized-bed Test  Unit 
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In t roduct ion  

coa l  consumes copious q u a n t i t i e s  of hydrogen t h a t  can be generated i n  
l a rge  amounts only by processes  which s p l i t  the  water molecule. Here 
we r epor t  on a new method f o r  producing such hydrogen from coa l ,  w a t e r  
and electric energy a t  mild temperatures. Conventional hydrothermal 
g a s i f i c a t i o n  o f  coa l  involves  the  w e l l  known steam-carbon r eac t ion :  

and the  water gas s h i f ?  reac t ion :  

To ensure favorable  equilibryum reaczion 1) i s  conducted a t  high temp- 
e ra tu re s .  The chemistry and technology of such coa l  g a s i f i c a t i o n  a r e  
complex and a d e t a i l e d  d iscuss ion  of such mat te rs ,  inc luding  hardware 
and g a s i f i c a t i o n  equipment, has  been published by Squires  [11 and 
o the r s  [2-31. 

’ which converts  coa l  and water i n t o  two separa te  gaseous products ,  t h e  
o n e  comprising e s s e n t i a l l y  gaseous oxides  of carbon and t h e  o t h e r  es- 
s e n t i a l l y  pure h-drogen. The process  chemistry takes  p lace  a t  mild 
temperatures (even room temperature) and the  gaseous products  are e s s e n -  
t i a l l y  f r e e  of  impur i t ies  such a s  ash ,  t a r  and s u l f u r  compounds. This  
new electrochemical  gas i f i ca t ion  process  involves  the  anodic ox ida t ion  
of coa l  a t  an e lec t rode  f o r  which w e  pos tu l a t e  t h e  h a l f - c e l l  r e a c t i o n  
of t he  carban i n  coa l :  

i n  combination with a correspon%ing h a l f - c e l l  r eac t ion  a t  t h e  cathode:  

The n e t  sum of these  h a l f - c e l l  r eac t ions  3) and 4 )  i s  j u s t  t h e  equat ion 
f o r  t h e  predominant r eac t ion  i n  t h e  electrochemical  g a s i f i c a t i o n  of  coa l :  

The app l i ca t ion  of an e i e c t r i c a ?  po ten t l a1  and t h e  input  of  e l e c t r i c a l  

a tu re s  and permits  it t o  be accomplished even a t  room temperatures  and 
a c t u a l  p r a c t i c a l  p o t e n t i a l s  of about 0.85V - 1.OV. The thermodynamic 
r e v e r s i b l e  p o t e n t i a l  (IAC,l/nF) f o r  equat ion 5) a t  room temperature  i s  
only 0.21V. A notable  advantage of e lectrochemical  g a s i f i c a t i o n  of 
coa l  over  conventional methods of coa l  g a s i f i c a t i o n  i s  t h e  product ion 
of gaseous oxides  of carbon a t  the  anode and the  simultaneous product ion 
of e s s e n t i a l l y  pure hydrogen sepa ra t e ly  a t  t he  cathode. Because each 
gaseous product i s  produced sepa ra t e ly  and e s s e n t i a l l y  free of impur i t i e s  
such a s  s u l f u r ,  t a r  and ash,  subsequent c leaning ,  s epa ra t ion  and pu r i -  
f i c a t i o n  s t e p s  a r e  minimized. Other manuscripts [ 4 , 5  ,6J have in t roduced  
t h e  process  of electrochemical  coa l  g a s i f i c a t i o n  and reported i n i t i a l  
d a t a  a s  t o  t h e  r e a c t i v i t i e s  of var ious  coa l s ,  t h e  e f f e c t  of d i f f e r e n t  

convent ional  water e l e c t r o l y s i s .  
methods of coa l  g a s i f i c a t i o n  and t h e  w e l l  known steam carbon r e a c t i o n  
was a l s o  discussed.  I n  t h e  p re sen t  paper w e  p resent  r e s u l t s  ob ta ined  
i n  ga lvanos ta t i c  and p o t e n t i o s t a t i c  s t u d i e s ,  and w e  a l s o  cons ider  t h e  

The production of syn the t i c  n a t u r a l  gas or  syn the t i c  o i l  from 
5 

2C(S) + H2?( ) -+ ZCO(g) + 2H2(g) 

CO(g1 + H 2 0  * C?2( ) + H 2 (  ) 

1) 

2) 

W e  have reported [4] a newly developed elec,trochemical process  

C i s )  t 2H20(~)  -+ C 0 2 (  1 + 4H+ + 4e- 

4H+ + 4e- -+ 2H2(g)  

C(S)  + 2H20(!2 -+ 2 H 2 (  ) + CO21g 5 ?  

3) 

4 )  

: energy overcomes t h e  free-energy b a r r i e r  f o r  r eac t ion  5) a t  l o w  temper- 

, opera t ing  condi t ions  and va r i ab le s ,  and d is t inguished  t h e  process  from 
I ts  r e l a t i o n s h i p  t o  convent ional  

41 



technological  impl ica t ion  of t h i s  process  i n  the  f i e l d  of  Ha produc- 
t i o n ,  and electrowinning of meta ls  from aqueous e l e c t r o l y t e s .  

Experimen t a  1 

aqueous e l e c t r o l y t e  within the  anode compartment of a ce l l  ( d e t a i l s  
A l l  experiments w e r e  conducted with s t i r r e d  s l u r r i e s  of coa l  i n  

of the experimental  apparatus are given i n  re ferences  [4,5] ) . The 
ex te rna l  emf w a s  appl ied by a p o t e n t i o s t a t  (both Model PAR 371 and 
PAR 179A w e r e  used)  and the  e l ec t rodes  (both anode and cathode) were 
P t  mesh, gauge 52 (0.004" diameter w i r e )  suppl ied by Mathey Bishop, 
Inc  . 
P o t e n t i o s t a t i c  S tudies :  E f fec t  of P o t e n t i a l  and Course .of the  Reaction 

The h igher  t h e  p o t e n t i a l  the  g r e a t e r  t he  oxida t ion-cur ren t .  A s  
t h e  coal  i s  consumed by oxidat ion a t  a given p o t e n t i a l  t he  cu r ren t  
diminishes very slowly. 
cur ren t  i s  p l o t t e d  vs. p o t e n t i a l  f o r  var ious  e x t e n t s  of coa l  consump- 
t i on*  a s  a parameter. Similar  behavior i s  ev ident  i n  Figure 2 ,  where 
observed r e a c t i o n  r a t e s  of  t h r e e  d i f f e r e n t  coa l  samples and one a c t i -  
vated charcoal  a t  l .OV,  using a coa l  s l u r r y  concentrat ion of 0.069 gm/cm3 
a r e  p lo t t ed  a g a i n s t  cumulative coulombs passed. The r e s u l t s  i nd ica t e  
t h a t  the  r a t e  of oxida t ion  f a l l s  g radual ly  a s  t h e , r e a c t i o n  proceeds 
for a l l  t he  samples s tud ied .  Only a po r t ion  (up t o  about 18% fo r  NDL) 
of the c o a l  can be consumed* before  the  r a t e  of  ox ida t ion  begins t o  
f a l l  s teep ly .  

Previous workers 17-91 have repor ted  t h a t  con t ro l l ed  oxidat ion 
of purer  carbons, whether by electrochemical  o r  chemical means r e s u l t s  
i n  the formation of s eve ra l  sur face  oxides. Of these  oxides ,  the 
carboxyl ic  group usua l ly  predominates. We be l i eve ,  such oxides  a l s o  
form during the  anodic  oxidat ion of coa l  and they increase  i n  concen- 
t r a t i o n  on t h e  su r face  of the coa l  p a r t i c l e s  a s  t h e  r eac t ion  advances, 
rendering e l e c t r o n  abs t r ac t ion  more and more d i f f i c u l t ,  wi th  consequent 
lowering of t h e  oxida t ion  cur ren t .  
analyzing t h e  r e s i d u a l  carbon values  a f t e r  p a r t i a l  e lectrochemical  
g a s i f i c a t i o n  of P i t t sbu rgh  c o a l  a l s o  supports  t h i s  view. Based on the  
known decomposition temperatures repor ted  [ lo ]  f o r  such sur face  oxygen 
compounds on carbon i t  should be poss ib l e  t o  maintain a higher  and 
s teady oxida t ion  r a t e  a t  200' - 600OC. It seems reasonable  t o  consider  
sur face  oxides  as in te rmedia tes  i n  the pathway from coal  and water a s  
r eac t an t s  t o  gaseous oxides of carbon and hydrogen a s  r eac t ion  products. 

The decrease  i n  oxidat ion cur ren t  may a l s o  r e s u l t  i n  p a r t  from 
the  accumulation on t h e  coa l  p a r t i c l e s  of a t a r - l i k e  coa t ing  t h a t  i s  
formed dur ing  electrochemical  coa l  g a s i f i c a t i o n .  Such a coat ing may 
be add i t iona l  r e a c t i o n  products i n  the  form of small  a l i p h a t i c  fragments 
which break away from l a r g e r  coa l  molecules dur ing  anodic oxidat ion.  

From Figure 2 it can be seen t h a t  t h e  r a t e  of oxida t ion  of the  
P i t t sburgh  coa l  has  dropped by a f a c t o r  of about 7 when about 1 6 %  of 
t h e  coal  i s  e lec t rochemica l ly  consumed. Af te r  it had been consumed 
t o  t h i s  ex ten t ,  t h e  coa l  was subjec ted  t o  seve ra l  t rea tments ,  t o  inves-  
t i g a t e  t h e  na tu re  of t h e  deac t iv i a t ion  and explore  t h e  p o s s i b l i t y  of 
regenerat ion.  The r e s u l t s  d i sc lose  t h a t  t he  fol lowing t reatments  r e s t o r e  
the  o r i g i n a l  a c t i v i t y  of the  c o a l . t o  a g r e a t  ex ten t :  
acetone which was a l s o  observed t o  remove t a r - l i k e  mater ia l  from t h e  
coa l  with t h e  formation of a dark, perhaps c o l l o i d a l ,  e x t r a c t  so lu t ion ,  
and ( B )  hea t ing  i n  a i r  t o  250DC, which presumably removes accumulated 

*Throughout t h i s  paper t he  ex ten t  of  c o a l  consumption i s  computed as  

This behavior i s  shown i n  Figure 1 where 

Prel iminary r e s u l t s  obtained by 

( A )  washing wi th  

t h e  mass of  carbon equivalent  to t o t a l  e l e c t r i c a l  charge passed during 
t h e  experiment. 
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oxygen-containin surface functional groups 171. In another experi- 
ment, North Dskda lignite was anodically oxidized at 1. OV and at 
114OC with consumption of 26% of the coal, the remaining coal was 
filtered from the electrolyte, washed with acetone, and then heated 
in air to 250°C for 2 hours. This reactivated coal was then returned 
to the anolyte, and was further consumed an additional 20%. With the 
regenerated coal the oxidation current was almost equal to that observed 
with virgin coal and curve 2 of Figure 2 was essentially reproduced 
under the same conditions and with similar product formation. These 
experiments suggest that it would be possible to consume coal to a 
much larger extent at a meaningful rate by conducting the electro- 
chemical gasification reaction at temperatures of about 2OOOC and 
above. Experiments at higher temperatures are planned and will be 
reported in another paper. 

Galvanostatic Studies: Effect on the Cell Potential 

static conditions. Initially, the fresh coal samples were oxidized 
at a constant oxidation current of 150 mA until 9.82% of the coal was 
consumed, then the oxidation rate was lowered to 100 mA. The corre- 
sponding change of cell potential is plotted against the percentage 
of the total coal consumed in the process in Figure 3 .  The results 
clearly indicate that to maintain the desired rate of the reaction, 
the cell potential gradually rises because, as explained above, the 
coal particles become more and more unreactive as the reaction pro- 
gresses (there may also be some effect due to decreasing coal concen- 
tration as well.) The potential required to maintain a constant 
current of 150 mA continues to rise in Figure 3 to about 1.2V (attained 
at first after abpt 97 hr) whereupon the required potential rises 
abruptly to about 1.7V, thereby suggesting the onset of a different 
reaction mechanism. As evident in Figure 3 this discontinuity at 
1.2V was reproducible at two different currents (150mA and 1OOmA) and 
two czxresponding different stages of coal consumption. It should be 
noted that analysis of the anode gas revealed only C02 and CO and no 
trace of 02 until the potential reached 1.98V. 
that the discontinuity at 1.2V may correspond to the onset of a dif- 
ferent mechanism of electrochemical coal gasification; it cannot be 
explained as the onset of simple water electrolysis. 

North Dakota lignite was electrochemically gasified under galvano- 

It appears, therefore, 

Temperature Effects 
It is suggested above that it would be possible to consume coal 

to a much larger extent at a meaningful rate by conducting the electro- 
chemical gasification reaction at temperatures of about 2OO0C and above. 
Higher temperature operations may also provide other benefits: 

(i) polarization potentials (overvoltages) would be lowered and 
(ii) the reversible (thermodynamic) cell potential would also be 

Figure 4 shows the effect of temperature on the reversible cell 
potential as computed from the thermodynamic AG and AH values of the 
electrochemical coal gasification reaction 5). Referring to this fig- 
ure, the electrochemical coal gasification cannot occur below the rever- 
sible thermodynamic potential that corresponds to the Gibbs free energy 
of reaction (AG); this voltage decreases with increasing temperature. 
It is possible in principle for electrolysis to occur at any potential 
above the reversible thermodynamic value, if TAS is supplied as heat 
from the surroundings, but in practice polarization effects and other 
irreversibilities require larger potentials in order to operate at 
reasonable rates of reaction. 

If the cell is operated at or above the thermoneutral voltage 

lowered as explained below. 
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M) 
(= ?F 
add i t iona l  energy is  requi red  because the  e n t i r e  endothermic hea t  of 
r eac t ion  i s  suppl ied  a s  e l e c t r i c a l  energy. Above t h e  thermoneutral 
vol tage the re  would be n e t  hea t  generat ion and hea t  removal would be 
necessar i  . 
Gases Produced and t h e  Current  Ef f ic iency  

During t h e  oxida t ion  of NDL, P i t t sburgh  coa l ,  ac t iva t ed  carbon 
and Montana Rosebud char  a t  p o t e n t i a l s  between 0.8V t o  1 . 2 V  the  gas 
produced a t  t h e  cathode was e s s e n t i a l l y  pure H a  and i n  each case t h e  
cu r ren t  e f f i c i e n c y  of H2 production was around 1 0 0 %  based on measured 
cu r ren t  i n t e g r a t e d  over  time. The gas produced within t h e  anode com- 
partment was almost pure C02 with small amounts of CO. 
of the  anode gas ,  however, v a r i e s  somewhat over t h e  course of t h e  gas- 
i f i c a t i o n  r eac t ion ;  t h i s  may be a t t r i b u t e d  t o  corresponding changes 
i n  population of  sur face  oxides on the  coa l .  I t  is a l s o  observed t h a t  
t h e  volume r a t i o  of t h e  gases  co l l ec t ed  a t  t he  cathode t o  those a t  the 
anode ranged from about 9 . 1 t o  3.7; the  higher  r a t i o s  w e r e  obtained a t  
t h e  beginning of t h e  experiment bu t  then decreasesd. According to t h e  
s toichiometry of r eac t ion  5) t h i s  gas  r a t i o  should be about 2. Cathode- 
to-anode gas r a t i o s  g r e a t e r  than about 2.0 can be a t t r i b u t e d  mainly t o  
accumulation of oxygen on t h e  coa l  p a r t i c l e s  i n  the  form of func t iona l  
groups such as -COOHI -CHO, CH2OH and the  l i k e .  Moreover, higher rel- 
a t i v e  amounts of  H2 may a l s o  be a t t r i b u t e d  i n  p a r t  as a r i s i n g  from t h e  
hydrogen content  of t h e  coal .  
r e s i d u a l  carbon af ter  NDL g a s i f i c a t i o n  r evea l s  p r e f e r e n t i a l  consumption 
of v o l a t i l e  components which a re  expected t o  be r i c h  i n  hydrogen. The 
production of anode gas  i s  probably s t rong ly  r e l a t e d  t o  t h e  concentrat ion 
of  t h e  su r f ace  oxides, of coa l .  Binder e t  a 1  reported 173 t h a t  a su r face  
layer  forms f i rs t  on g raph i t e  and only then does C 0 2  evolut ion begin. 
As t he  oxida t ion  process  advance, su r f ace  oxides  may bu i ld  up t o  steady- 
s t a t e  concent ra t ions  on t h e  coa l ,  whereupon the  anode compartment gas  
generat ion r a t e  becomes cons tan t .  A q u a l i t a t i v e  bu t  s e n s i t i v e  mass 
spectrometr ic  a n a l y s i s  was made of the  gases  produced a t  both anode 
and cathode. I t  i s  noteworthy t h a t  no l i n e s  were observed fo r  mole- 
cu la r  weights corresponding to  So2 o r  HaS--even though t h e  parent  
coa ls  contain s i g n i f i c a n t  su l fu r .  

both AG and TAS a r e  suppl ied  a s  e l e c t r i c a l  energy and no 

The composition 

1 
I 
1 

Prel iminary proximate ana lys i s  of t h e  

I 

Implicat ions f o r  Hydrogen Production 
The more common approaches t o  s p l i t t i n g  the  water molecule t o  

recover hydrogen have u t i l i z e d  e i t h e r  e l e c t r i c a l  energy alone o r  f o s s i l  
f u e l  i n  combination w i t h  thermal energy. I t  appears t h a t  t h e  production 
of  hydrogen by t h e  combined use of f o s s i l  f u e l  and e l e c t r i c a l  energy 
as we repor t  has  no t  previously been inves t iga t ed  o r  appl ied.  I n  t h e  
following t h e  e f f i c i ency  of H production by our new process("Coa1- 
Consuming Water Elec t ro1ys is" f  is  compared with ordinary water e l e c t r o l -  
y s i s .  I n  water e l e c t r o l y s i s  t h e  energy requi red  t o  s p l i t  t h e  water I 

molecule is  suppl ied  s o l e l y  by e l e c t r i c i t y ,  whereas i n  our  new process 
t h e  required energy i s  suppl ied only i n  p a r t  by e l e c t r i c i t y  with the  
balance a r i s i n g  by way of the concomitant anodic oxida t ion  of coal .  
The following q u a n t i t a t i v e  development g ives  a f i r s t  o rder  approximation I of how much energy comes from each such source and thereby provides a 
rough f ee l ing  f o r  e f f ic iency .  The energy consumed by conventional water ( 
e l e c t r o l y s i s  conducted a t  a p o t e n t i a l  of E2 t o  produce NH 
is 2WH F E2 whereas t h e  energy required by t h e  present  pgocess under 
investZgat ion ope ra t ing  a t  a p o t e n t i a l  of E i s :  

1 moles of H2 

t 
0 

E / id t  t N, ( - A H )  6) 

where E is t h e  p o t e n t i a l  appl ied across  t h e  c e l l ,  i i s  the  cur ren t  and 
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t is time. 
the enthalpy of combustion of carbon to C02. 

operating potential E, and noting that: 

and NC = 1 / 2  NH2 8) 
where F, the Faraday constant, is 96,500 coulombs/equivalent. 

by our process becomes: 

Nc is the number of moles of carbon consumed and AH is 

The foregoing expression can be simplified by assuming a constant 

N H ~  = fidt/2F 7) 
0 

t 
0 

Eliminating Jidt and Nc the expression for total energy consumption 

2FN E i- 1/2 NH (-AH) 
HZ 2 

The relatxve energy usage (REU) is accordingly: 
Ordinary 10) Electrolysis 

Assisted 

= E2/(E t IAH1/4F) 

Inserting lAH( = 94,100 x 4.18 joules/mole and the value of F gives: 

Practical values of E2 for conventional electrolysis are about 1.8- 
2.0V whereas values of E observed in the present work have ranged 
from about 0.8 to about 1.0 volt at room temperature. This means 
that, per unit of hydrogen produced, the total energy consumption 
is about the same (REU = 1) for ordinary water electrolysis and for 
coal-assisted water electrolysis conducted in the experiments near 
room temperature reported here. In the case of electrochemical gas- 
ification to hydrogen, however, about half the required energy comes 
directly from coal and half from electricity. We expect that the 
total energy requirement for coal-assisted water electrolysis can be 
lowered further by conducting it at higher temperatures thereby per- 
mitting operation at lower potentials (E) than 0 . 8  - 1.0 volt. A 
detailed economic analysis reported elsewhere [5 ]  shows that coal- 
assisted electrolysis has its most favorable effect when electricity 
costs are high because cheaper coal energy is substituted for more 
costly electrical energy. The greatest effect (a 27% reduction in 
hydrogen cost) is evident for application with SPE technology at 
"normal" power costs of $0.027/kw.hr.: the corresponding cost reduc- 
tion for conventional electrolysis is 18%. For off-peak power at 
$O.Ol/kw.hr. it is seen that direct incorporation of coal into the 
electrolysis process seems to offer no particular advantage. 

Implications for Electrowinning of Metals 

winning of metals by substituting the half cell reaction 3)  
consumes coal) for the half-cell reaction of oxygen evolution which 
ordinarily takes place during conventional electrowinning of metals 
from aqueous solutions of their salts. 
the total overall cell potential of the resulting metal electrowinning 
process is lowered by about l.lOV with a corresponding significant 
reduction in the consumption of electrical energy. As a test case Cu 
was deposited on a platinum mesh cathode (separated from the anode by 
a fritted glass barrier) from aqueous electrolyte (0.125 M CuSO4 in 
0 . 5  M H SO at 6OoC, at two different galvanostatic rates; 5.9 mA 
and 12 &.4)The corresponding change in cell potential is plotted in 
Figure 5. It is evident that the conventional copper electrowinning 

REU = E2/(E + 1.02) 11) 

Electrochemical coal gasification can be extended to the electro- 
(which 

By this coal-based innovation 
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r eac t ions  took p l a c e  a t  c e l l  p o t e n t i a l s  o f  about 1.65V and 1.73V 
re spec t ive ly .  Also p l o t t e d  i n  Figure 5 are t h e  r e s u l t s  ob ta ined  

t h e  coal w a s  simultaneously oxidized a t  t h e  anode according t o  
equation 3 )  while Cu ca t ions  were reduced a t  t he  cathode. I n  
t h e s e  l a t t e r  experiments, North Dakota l i g n i t e  (NDL) c o a l  s l u r r y  
(0.15 qm/cm3)  w a s  introduced i n t o  t h e  anode compartment of t h e  ce l l  

i n  p a r a l l e l  experiments conducted i n  i d e n t i c a l  fash ion  except t h a t  ! 

and was anod ica l ly  oxidized while copper deposited on t h e  cathode 
under i d e n t i c a l  ga lvanos ta t i c  experimental condi t ions .  A s  a r e s u l t  
of t h e  oxida t ion  or g a s i f i c a t i o n  of the  c o a l  a t  t h e  anode, t h e  over- 
a l l  c e l l  p o t e n t i a l  w a s  lowered by about 1 . 1 V ,  compared t o  t h e  con- 
vent iona l  process.  This i s  ev ident  from t h e  comparative d a t a  p l o t t e d  
i n  Figure 5. 

Concluding Remarks 
I t  has  been shown i n  t h i s  study t h a t  
(i) d i f f e r e n t  c o a l s  have d i f f e r e n t  r e a c t i v i t i e s  f o r  e l ec t ro -  

chemical g a s i f i c a t i o n  and i n  each case t h e  r e a c t i v i t y  of  
t h e  p a r t i c u l a r  coa l  f a l l s  gradually as  t h e  r eac t ion  advances. 

(ii) t h e  o r i g i n a l  r e a c t i v i t y  of t h e  coal samples can be r e s t o r e d  
by acetone washing and hea t ing  a t  temperatures between 

( iv )  t w o  d i f f e r e n t  c o a l  ox ida t ion  mechanisms appear t o  occur i n  
t w o  correspondingly d i f f e r e n t  p o t e n t i a l  r eg ions  of oxida t ion .  

(v) hydrogen production and electrowinning of meta ls  from aqueous 
e l e c t r o l y t e s  a r e  the  processes where electrochemical coa l  
g a s i f i c a t i o n  may f ind  app l i ca t ion .  

Mass balance ca l cu la t ions ,  high temperature r e a c t i o n  and use o f  

200' - 600'C. 
(iii) high  temperature operation promises s e v e r a l  advantages. 

anodes o t h e r  than platinum a r e  cu r ren t ly  i n  progress.  
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2. Oxidation Rate of Differen t  Samples A t  1.OV as  t h e  Reaction 
Proceeds 

(S lur ry  Conc.: 0.069 gm/cm3; P a r t i c l e  S ize :  44pm and below; 
E lec t ro ly t e :  5.6M H2SO4; Po ten t i a l :  1.OV; Anode area:  
96.5 cm2 (geometrical)  ; Temp. 114OC.  

E l e c t r o l y s i s  discont inued a f t e r :  
Curve 1: 
Curve 2: 
Curve 3: 
Curve 4:  

343 hours and 16.36% consumed 
353 hours and 29.2% consumed 
1 1 0  hours and about 2.56% consumed 
78 hours and 3.2% consumed 
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